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ABSTRACT 
European corn borer (ECB) is an imporiiant pesr of 
temperate maize. CJeveral mechanisms, including cell wall 
components (CWC) and silica content of the leaf-sheath, have 
been proposed no be involved in conditioning resistance to 
seal!-: tunneling caused by ECB. In order to understand the 
genetic relationsr.ips between resistance to ECB tunneling and 
cell v/all components, genomic regions affecting these traits 
were mapped in the same corn population. 
The objectives of this study were to 1) map quantitative 
trait loci (QTL) affecting ECB tunneling in maize, 2) 
understand the genetic relationships between neutral detergent 
fiber (NDF) , acid .ietergent fiber (ADF) , and acid detergent 
lignin (ADL) contents of corn leaf-sheaths and stalks, and 3) 
relate the QTL results obtained for ECB tunneling and fiber 
content. 
Nine QTL were detected for ECB tunneling and were 
associated with 5 :• of the genetic variation. Several QTL 
reported in this study are at genomic locations similar to 
those of QTL for ECB tunneling detected in other maize 
populations and of QTL for leaf damage of insect pests 
detected in tropical maize. All of these regions except one 
were associated with at least one CWC of leaf-sheaths. These 
ix 
regions may contain genes involved in the synthesis of 
cellulose, hemicellulose, and lignin in the leaf-blades and 
leai-sheaths of ccrn plants. 
Twelve QTL were detected for NDF in leaf-sheaths (SHNDF) 
and eleven QTL for ADF in leaf-sheaths (SHADF). Eight QTL 
detected for both traits were common. Eight QTL were 
associated with leaf-sheath ADL (SHADL) content. Eleven QTL 
were detected for MDF, ADF, and A.DL in stalks (STNDF, STA.DF, 
and oTADL, respectively). Nine of eleven QTL detected for both 
STMDF and STADF v/ere common. 
A significant negative genetic correlation betv/een ail 
cell wall components from leaf-sheath and stalk and EC3 
cunneling was observed in this population. Several QTL for ECB 
coirijided with QTL for cell wall components in leaf-sheath and 
stalk tissues. Sorr.e of these QTL contributed to che negative 
correlation observed between cell wall components content. 
This suggests that v/hile CWC contribute to resistance to ECB, 
other mechanisms and other genes also are involved. 
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GENERAL INTRODUCTION 
Several studies have attempted to relate maize cell wall 
components (CWC) resistance to second generacion of 
European corn borer (ECB2) (Rojanaridchiped et al., 1984; 
Coors, 1987; Beegnly et al., 1997; Buendgen ec al., 1990; 
Ostrander and Cocrs, 1997). Higher contents of fiber, lignin, 
and silica in planes are hypothesized to reduce the rate of 
nutrient intake and digestibility, and therefore to reduce the 
growch and survival of the European corn borer larvae (Coors, 
1988 ; Scriber and Jla.nsky, 1981) . Evidence for this is chat 
neutral detergent fiber (NDF) , acid detergent fiber (ADF) , 
silica, and/or licnin content of the leaf-sheath explained a 
larae proportion the phenotypic variation observed in ECB2 
tunneling (Ro j ana iridchiped, 1984; Coors, 1987). Furthermore, 
significant: genetic correlations were found betv/een some CWC 
in the leaf-sheath and/or stalks and resistance to ECB2 
tunneling in maize populations BS9, WFISILO, and WFISIHI 
{Beeghly et al., 1997). Also, Ostrander and Coors (1997) 
reported a correlated change in ECB2 resistance following 
divergent selection for NDF and lignin in leaf-sheaths and 
stalks in the BS9 population. A correlated increase of ECB2 
susceptibility was observed when WFISILO was subjected to two 
cycles of selection for lower NDF, ADF, and lignin in the 
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leaf-sheaths and scalks. Mo correlated response in ECB2 
tunneling was observed in WFISIHO when it was selected for 
high CWC for LWO cycles, however. 
To confirm that genes that increase CWC content in leaf-
shea'hs and/or st':lks also cause increased resistance to ECB2 
tunneling, one must shov/ that some genes act pleiotrcpically 
on these traits. C-~L mapping of the genetic factors affecting 
these traits in one population and com.parison of the effects 
and location of these QTL would help to understand the causal 
rela tionships tha~. underlie the genetic correlations observed 
in -:-ther studies. 
The objectives of this study were to map QTL for 
resistance to ECB2 and CWC in recombinant inbred lines (RILs) 
of the 873 x B52 population, to compare their genetic 
locations in order to understand the genetic relationship 
between these traits, and to analyze the consistency of QTL 
detection across environments and generations. One hundred and 
eighty three recombinant inbred lines were used to generate a 
linkage map of 18 5 RFLPS and SSR loci. The primary advantages 
of using RILs for QTL mapping is that they are a permanent 
population of nearly homozygous and homogeneous lines, data 
can continuously be added to a map based on RILs, and the 
ceses for QTL location are more powerful since only two 
gencnypic classes per locus are present (Burr et al., 1988) 
Dissertation Organization 
This disserracion includes three manuscripts to be 
submitted to Crap Science. The first manuscript reports QTL 
for resistance tc European corn borer tunneling in a RIL maize 
population. The second manuscript reports QTL for CWC as 
determined by MDF, ADF, ADL in leaf-sheaths and stalks of 
corn. The third manuscript compares the QTL positions for 
European corn borer tunneling and CWC content detected in the 
first two m.anuscripts and discusses the genetic implications 
of ""nese relationsr.ips. Each manuscript has sections for an 
introduction, materials and miethods, results, and followed by 
a discussion. References are cited separately for each 
manuscript. References cited in the general introduction are 
listed after that section. 
Literature Review 
European corn borer life cycle 
The European corn borer (ECB), 
(Hiibner) has a wide range of hosts. 
Ostrinia nubilalis 
including corn [Zea mays 
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L. i ,  cotton [GGSsypium hirsutum L.), sorghum {Sorghum hicolcr 
(L.) D-^oench) , potatoes (Solanum tuberosum L.), soybean 
{Glycine max (L.) Merr.), pepper {Capsicum), beans {Phaseolus 
vulgaris L.), oats {Avena satlva L.) and tomatoes 
{LyccpersIcum esciilencum L.) (Binder and Robbins, 1996; Mason 
ec 1. , 1996). Depending on "he temperature and climate ECB 
can produce several generations per year. More comjnonly, the 
ECB will have two generations per year in Iowa (Mason et ai., 
1996; Klerike et al., 1986a) . 
The larvae g: through five developmental stages or 
inscars. During tr.e fifrh inscar, larvae either pupate and 
become a moth or -rncer diapause (Mason et al., 1996). 
Diapaused larvae can overwinter in corn stalks, corn cobs, and 
weed stems. A minimum of 50°F ambient temperature is needed 
for initiatiion of spring development (Mason et al., 1996) . 
Generally, mochs emerge in May or June in Iowa (Dicke, 1977). 
The moths will move to nearby grassy areas or "action sites" 
which provide water and refuge for mating (Showers, 1980). 
Fem.ales leave the action sites to deposit eggs on target 
crops. They are accracted to the tallest fields (mid to late-
vmorl stage of m.aice, 8- to i2-leaf stage), where they deposit 
egg masses of 15 co 30 eggs on the undersides of corn leaves. 
Eggs hatch in 3 to 7 days, depending on the weather conditions 
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and cemperature. Larvae move to the whorl and feed on the leaf 
blades. The chird f:nd fourth instars begin feeding on leaf 
sheaih and tunnel into the midrib of the leaf. The fourth and 
fifrh instars of tr.e first generation enter the stalk and 
begin tunneling (Licke, 1977; Mason et al., 1996; . During July 
in ;:wa, the fifth instar larvae pupate and 7 days later adult 
rr.czr.r- emerge. The :irst ECB life cycle lasted on average 62 
days when natural populations from Iowa and South Dakota were 
reared under opti"um conditions in the laboratory (Mason et 
al., 1996). 
After adult rr^.cths emerge, they fly to dense \^egetation 
e.g., foxtail grass [Secaria sp.) to rest, and mate. Females 
preier to lay eggs on succulent, recently tasseled corn plants 
(enci of July to boainning of August) (Mason et al., 1996; 
Shcwers, 1930) . Mainly, they lay eggs on the underside of the 
three leaves above and below the ear. The second generation 
young larvae feed initially o.n pollen that accumulates on the 
lear axils and then on s.heath and collar tissue (Guthrie et 
al., 1969). Later, the larvae feed on the leaf midrib. 
Finally, the fourth and fifth instars tunnel into the stalk 
and ear shank and overwinter in the stalks or cobs (Mason et 
al., 1996; Dicke, 1977) . 
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Euxropean com borer damage 
The European corn borer affects grain production in maize 
by pnysiologicai, physical and pathological means. The 
physiological effect: of ECB is an impaired ability of plants 
CO produce a norma^ amount of grain due to larval feeding 
damaae in leaf anc conductive tissues (Mason et al., L996; 
Klenr'.e et al., 19c 6b) . During the vegetative stages of plant 
grc'.v'ch, stalk tunneling reduces vascular bundle num.ber. During 
grain-filling, the movement of water, photosynthaces, and 
nutrients is restricted. The physical effect is caused by an 
increased snalk ar. :i shank breakage and, consequently, more 
dropped ears and c;ifficulties in mechanical harvest (Mason et 
al., 1996). The pathological effect is due to increased 
infection by secondary pathogens. A significant phenotypic 
correlation existr between stalk tunneling and increased stalk 
rot -TP.d its associated yield losses (Mason et al., 1996) . 
The earlier the larvae feed on a plant (mid-whorl) the 
greater is their potential to cause yield losses. Under 
average environmental conditions a loss of 5 to 6 ^ in maize 
grain yield per larva per plant can be expected if feeding 
starts at the v;hcrl stage of development. If feeding begins 
later, during ear development, the loss ranges from 2 to 4 % 
percent. The impact of ECB stalk feeding declines from the 
/ 
beginning of the reproductive period to physiological 
maturity. 
Resistance to second generation of European corn borer (ECB2) 
In general, r.o correlation has been found in maize 
becv/een leaf feeding damage caused by ECBl and sheath-collar 
darr.aae caused by ,"52 (Pescho et al. , 1965; Russell et al., 
\9~ A ; Guthrie et , 1932; Coors et ai., 1987; 
Ro3anaridpiched et al., 1934). The sheath is the part of the 
leaf that surrouncis the internode above the node to v;hich it 
is attached and tr.e collar is the part where the blade and the 
sheath are joined Kiesselbach, 1949). 
Biochemical factors 
There is litt_e information about the mechanism of 
resistance to sheath and collar feeding by second-generation 
European corn boror (ECB2). Most efforts have concentrated on 
finding plant chemicals that would either inhibit or deter ECB 
estaolishment. 2, -i-Dihydroxy-7-methoxy-l,4-benzoxazin-3-one 
(DIMBOA) inhibited larval development and caused mortality of 
European corn borer when the compound was added to the diet 
(Klun et al., 1967;. However, DIMBOA plays a minor role in 
2ECE resistance because its concentration decreases as the 
pi t enters its reproductive phase of development (Klun and 
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Rocir.son, 1969). !:everrheless, Ro j anar idpiched en al. (1984) 
observed char DIMEOA ccntenc along with silica in leaf sheath 
ana roliar tissues accounted for a significant amount of 
variacion in ECB2 "unnels. 
Since higher contents of fiber, lignin, and silica in 
planes may reduce couh rate of nutrient intake and 
digestibility by larvae, some investigators have studied the 
asscciation between these components and resistance to ECB2. 
3ili:;a content of leaf sheath from 25 lines was negatively 
correlated with stalk tunneling (Rojanaridpiched, 1984). 
Silica content in the leaf sheath accounted for 60'- of the 
variation in the number of tunnels measured in 14 inbred lines 
when they were grcwn in a location with high soil silica 
content (Coors, ll'-.l) . NDF accounted for an additional 11% of 
the variation. In i low-silica locaticp., NDF and lignin 
content of the leaf sheath explained 71% of the variation 
observed in the number of ECB2 tunnels (Coors, 1987). The most 
resistant genotype in both locations, 886, had higher values 
of silica, NDF, and lignin. To test the hypothesis that higher 
silica content in plant tissues is associated with lower food 
consumption by Eurooean corn borer larvae, plants from two 
susceptible and tv;o resistant lines were grown in the 
greenhouse with a •.•/eekly supplement of SiO? solution for six 
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weeks (Coors, 198-^ . Connroi plants were grown v/iLhouu 
supplemental silica. On average, as the plant silica content 
increased, the amount of tissue consumed by the 4th instar 
larvae decreased. The genotype with the highest level of 
silica had the most leaf consumed, however. 
Genetic and rnenotypic correlations between ECE2 damage 
and JWC were studied in several populations. After four cycles 
of 1 recurrent selection, resistance to first generation and 
second generation damage increased in 3S9 (Klenke et al., 
1986a; Klenke et al., 1986c). Significant linear responses of 
NDF, ADF, cellulose, lignin and ash contents in leaf-sheaths 
and /;11 these comr :nents except ash in stalks over cycles of 
selection were fo-.-.r.d in BS9 (Buendgen, 1990). Significant 
phenctypic correlations were found betv/een ECB2 cavity counts 
and MDF, ADF, cellulose, lignin, and ash content in the leaf-
sheath. Similarly, other studies confirmed these observations. 
A sample of '.'0 31 families from B73 x DeSll population 
and 50 SI families from each of the WFISIHI, WFISILO and 
BS9(CB)C- were analyzed for both ECB2 resistance and CWC of the 
leaf sheath and stalks (Beeghly et al., 1997). In the B73 x 
DeBll population, there were significantly negative genetic 
correlations betv/een leaf-sheath NDF, ADF, and stalk lignin 
concentration v;ith ECB2 damage. WFISIHI and WFISILO were more 
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susceptible than 53902 to ECB2 damage. Significantly negative 
phenotypic correlations between leaf-sheath NDF and ECB2 
damage were observed in WFISIHI. Significant generic 
correlations betv/<^en leaf-sheath NDF and NDF, ADF, and lignin 
in s~alk;s with EC52 damage were detected in WFISILO. 
Significantly negative genetic correlations between only ADF 
and lignin in the stalk with ECB2 damage were observed in 
3S9C . The lack of resistance to ECB2 in WFISIHI population, 
which had the highest concentration of NDF, ADF, cellulose, 
lignin, and ash in the leaf-sheath, indicated that other 
genetic factors for resistance were important in this 
population. 
To confirm tr.ese genetic correlations, a divergent 
recurrent selectiir. program for NDF, A.DF, and lignin 
concentration in the leaf-sheath and stalks was performed in 
each of the WFISILO and WFISIHI populations (Ostrander and 
Coors, 1997). Additionally, two cycles of divergent SI 
recurrent selection for NDF and lignin concentration in the 
leaf-sheath and stalks were applied to BS9(CB)C2. BS9(CB)C--L0 
and BS9(CB)C;-HI v;ith contrasting leaf-sheath and stalk NDF 
and lignin concentrations differed in their ECB2 damage 
(Ostrander and Ooors, 1997). Selection for lower NDF, ADF, and 
lignin in WFISILO increased susceptibility to ECB2. Selection 
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for riigher NDF, ADF, and lignin in WFISIHI did not 
significantly increase resistance to ECB2. 
In summary, in BS9C2 and WFISILO, fiber and/or lignin 
consent in the leai-sheath and/or stalks were significantly 
associated with EC32 resistance. Selection for 
increased/decrease'':! fiber and lignin content in che leaf-
shea-^n and stalks .significantly increased/reduced resistance 
CO E.ZB2 damage in 2S9C2. Selection for decreased CWC in 
WFISILO had a correlated response in ECB2 tunneling, but no 
correlated response in ECB2 was observed in WFISIHI. WFISIHI 
has 5 different genetic background than WFISILO (Buendgen, 
199'"^;, indicating that other resistance mechanisms could be 
im.pcrcant in this population. 
Genetic facrors 
Several scudies were designed to determine nhe importance 
of additive effecrs or variances for resistance to ECB. Mostly 
GCA -iffeccs have c-3en reported to condition resistance to ECB2 
in several diallel studies (Scott et al., 1967; Jennings et 
al., 1974) alrhouah SCA effects were significant in one 
diallel {Jennings et al., 1974). The additive variances 
estimated by Design III and SI analyses were of similar 
magnitude and much greater than the dominance variance 
(Sadehdel-Moghaddam, 1983). Narrow-sense heritability on a 
12 
plou basis of ECE2 cavity counts was estimated as 0.65 +/-
0.16 (Sadehdel-Moahaddam, 1983). 
Genetic facccis for ECE2 resistance have been mapped 
usinq whole arm-cr.romosomal rranslocacion studies and QTL 
analyses. 352 was ised as the resistant; parent. Genetic 
factors were identified on chromosome arms IS, IL, 2L, 3S, 4L 
and 4S (Onukogu et al., 1978). Schdn et al. (1993) found 
several putative C'TLs for resistance against ECB2 in regions 
iS, LL, 2S, 2L, 31, 7L and lOL of the population B73xB52. 
Seven QTLs explained 38% of the phenotypic variance. Additive 
and dominant types of gene action were important. 
Determination of plant cell wall composition 
The Van Soes~ detergent system has been widely used to 
extract cell wall components to study forage quality. This 
method, however, v:as developed as a way of partitioning forage 
dry matter into fractions based on their bioavailability for 
ruminants (Moore and Hatfield, 1994). Samples are dried at 
eO'^C and ground tc a 1mm size particle. They are treated at 
100'^C for an hour in a pH 7 solution v/it.h sodium lauryl 
sulfate and ethylene diamine tetraacetic acid. a-amylase is 
added to the solution to rem.ove starch. The residue is washed 
with hot "water anci acetone and dried to yield the neutral 
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detergent fiber (MDF) (Goering and Van Soest, 1970). NDF is a 
subfraction of the cell wall and consists of cellulose, 
hemicellulose, ana lignin. The more soluble and nutritionally 
available wall polysaccharides are removed (Moore and 
Hacfield, 1994) . Then, the NDF is treated with acid detergent 
(IN .sulfuric acid .solution with cetyl trimechylammonium 
bromide) for one h'^ur at 100 °C, washed with hot water and 
acetone, and driec to yield a residue, the acid detergent 
fiber (ADF), which contains mostly lignin and cellulose 
(Goering and Van Uoest, 1970). The difference between NDF 
fraction and ADF fraction is the hemicellulose fraction. The 
ADF fraction is further treated with '•2h sulfuric acid for 2 h 
at and then for 4 h at room temperature. The residue is 
washed with hot water followed by acetone and dried to yield 
an acid-insoluble residue, lignin (Goering and Van Soest, 
1970' . 
Near-infrarec: reflectance spectroscopy (NIRS) is used to 
reduce the cost and time necessary for analyses of plant 
comoosition. Chemiral components of a sample have near-
infrared absorption properties which can be used to 
differentiate one component from the others (USDA handbook 
643, 1989). The NIP. spectra arise from the heat-induced 
14 
asymmetric stretching vibrations of hydrogen bonds in the 
functional groups of molecules. 
Samples are ;;'janned using NIRS and a representative 
subsec is selectec; for analysis in the laboratory for NDF, 
ADF, and iignin. T;ie selected subsample should represent the 
wide array of characteristics (chemical, physical) of the 
carcec population. The spectral data of those samples has to 
be transformed in ^-rder to reduce ins noise and no isolate the 
specrral information related to sample chemistry. A 
calibration procecure is performed to find the best fitting 
equanion for the samples in the calibration set. Therefore, an 
optimal selection of wavelengths has to be used. Stepwise 
regression is performed to select the wavelengths chat: are 
besr. associated vjiz'n the chem.ical analysis. Once an equation 
has been deveiopec for each component (NDF, ADF, and iignin), 
the value of ehose components for all the samples are 
predicted by the equation. The equation should be validated 
by using the equation with other sam.ples (Marten ex. al., 
198 rO . 
Quantitative trait locus analysis 
Linkage analysis has been a very important tool to study 
the genetic distance between loci. Recently genetic markers 
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(e.g., RFLPs and SoRs) have been used frequently in planrs to 
detect quantitative trait loci (QTL). 
Typically, the first step in QTL mapping is to create an 
adequate population in which the trait of interest is 
segregating. Secondly, a linkage map of genetic markers should 
be created. Then several approaches can be taken for QTL 
detection. 
1) Single factor analysis of variance is conducted for 
each marker locus Edwards ec al., 1987) . Individuals of a 
segregating population are divided into groups according to 
their marker genotype at a locus. Contrasts between homozygous 
parental genotypic classes are performed for each marker 
locus. Those contrasts with a low probability level under the 
null hypothesis or no linkage to a QTL indicate linkage 
betv/een the marker and a QTL. The main problem with this 
approach is that tne QTL effect is confounded with the 
recombination distance between the marker and the QTL. 
Therefore, there are many combinations of values of QTL 
effects and recombination estimates that will give the same 
value for the difference of homozygous parental genotypic 
classes. 
2) Interval m.apping using a regression method (Haley and 
Knott, 1992) . The recombination fraction between two markers 
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is assumed to be known. Individuals in an inbred line PI have 
genotype AIQIBI/AIQIBI and those in line P2 have genotype 
A2Q1-22/A2Q2B2; where A and B are two different loci and Q is a 
QTL locus. The ger.~typic effect of QlQl in an F2 population is 
set ac m-ra, che erfecu of Q1Q2 is set at m-rd, and the effect 
of Q2Q2 is set at :ii-a, where m is the mean of the homozygotes 
and a and d are the additive and dominant deviations. A.ssuming 
no interference (i-ialdane function), the expected mean 
genc^v'pic effect cr a QTL for a given marker genotype can be 
derived. Those expectations can be used to fit the unknown m, 
a and d parameters by multiple regression. Given the QTL 
position, the leas" squares estimates can be computed as Ii= 
(X'X)"^ X' Y (Dr F-vrnando class notes, 1996), where X is the 
desian macrix indi i-ating the QTL genotype probability given 
the marker genotyr-^, li are the estimates of a and d and y 
is a vector of phenotypic values. The residual sum of squares 
is calculated and "he position that produces the smallest 
residual sum of squares gives the estimated position of the 
QTL. F-tests are performed to assess if the QTL effect 
estimates are significantly different from zero. 
2b) Interval mapping using maximum likelihood methods 
(Knott and Haley, 1992). Maximum likelihood methods fit the 
observed data to a probability distribution function based on 
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che model assumpti-ons and maximum likelihood estimates of 
model parameters are obtained for each genome position tested. 
The estimates found in an unconstrained model (based on the 
hypocheses of a QTL in the interval) are compared to the 
estzimates obtained from a model with constrains (no QTL in the 
interval). The LOO score is the logio ratio of the likelihoods 
for the ti-/o models, with the greater LOD scores indicating 
more evidence for QTL at the chosen position. QTL effects 
estimates and QTL location estimates are obtained 
s i mu1u a neo u s1y. 
Interval mapping can give biased results due to presence 
of c: linked QTL outside the interval that is being tested. 
3) Composite interval mapping is a combination of 
regression and maximum likelihood methods that attempts to 
avoid this bias. A multiple linear regression model is fit to 
the ;iata to construct a test for a QTL in a marker interval 
(i, i-i-1) . The information of the markers i and i-^1 is used to 
derive the probabilities that the QTL in that interval is 
QTLl/QTLl or QTL1/QTL2 (for backcross data). 
The model described for backcross data by Zeng (1994) is: 
y- = bo + b' X;' + i-l b;: X;;}: + ej 
for j= 1,2, n. 
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where is Lhe traic value of the jindividual; b.; is the 
mean; b* is the effect of the QTL expressed as the difference 
becv/een che homozytioce and heterozygoce; x.'' is an indicator 
variable chac can "ake 0 or 1 values wirh probabilities 
depending on che "lenotype of markers i and i-rl and the 
pcsicion being zeszed; bv is the partial regression 
coefficient of the ohenotype y in the k'" marker locus; x-i; is 
a ccefficienc for marker k that nakes 1 or 0 value depending 
on whether y is hrmozygous or heterozygous at the k''" marker 
locus; and e- is a random variable. A likelihood function is 
derived from the equation described above assuming that the e-
are identically and independently norm.ally distributed with 
mean zero and vari::nce o~. Then, the likelihood function is 
dif rerentiated wi-,-. respect to the parameters and set to zero. 
From the equations, estimates of the parameters b', b.-/s, and 
G~ are found. 
The main advantage of composite interval mapping is the 
increased precisicn in the estimates of location and effects 
estimiates when linked QTL are present in a linkage group. 
Also, the influence of unlinked QTLs is reduced by fitting 
unlinked markers in the model. The disadvantage of using this 
method is that the power of detecting QTLs is reduced because 
closely linked markers are included in the model. Also, if a 
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large number of maricers are fitted to reduce residual genetic 
variation the pov/er of this test is reduced (Zeng, 1994). This 
method has been developed assuming no epistasis between QTLs 
and it has not been clearly stated what kind of biases the 
es~i.TLates will have if epistasis is important. 
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GENETIC MAPPING AND ANALYSIS OF QUANTITATIVE TRAIT LOCI IN 
MAIZE FOR RESISTANCE TO STALK TUNNELING BY THE 
EUROPEAN CORN BORER 
A paper no be submitted to Crop Science 
Andrea J. Cardinal*, Michael Lee, Natalya Sharopova, 
Wendy L. Woodman and Mary J. Long 
Abstract 
The European corn borer (ECB) is an important pest of 
temperate maize because it can produce two or three sexual 
generations per growing season and its larvae feed primarily 
on "he leaf blade, sheach, and stalk. Damage to che stalk 
tissue could be minimized by breeding for resistant genotypes. 
However, artificial selection is hindered by a laborious 
phenotypic assay and a lack of information about genetic 
factors for resistance to stalk tunneling by ECB. Recombinant 
inbred lines of the maize single-cross population, B73 x B52, 
were used to map quantitative trait loci (QTL) for ECB 
tunneling, plant height, and anthesis. Nine QTL were detected 
for ECB tunneling and they were associated with 59% of the 
genetic variation. Genetic effects for decreased tunneling 
were derived from the resistant parent, B52, at 6 QTL. One 
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digenic interact ion. was detected among QTL related no ECB 
tunneling. Eight QTL were detected for anthesis and 10 QTL for 
plane height. ECE "unneling was not significantly correlated 
wich either plant height or anthesis. Several QTL for ECB 
tunneling reported herein are at similar genomic locations as 
QTL for ECB tunneling in other maize populations and for 
resistance to leai damage of insect pests of tropical maize. 
Introduction 
The European corn borer (ECB), Ostrinia nubilalis 
(Hiibner), is an important pest of maite {Zea mays L.) in 
temperate regions ;Scott et al., 1964). When larvae emerge 
during anthesis, they feed initially on pollen in the leaf 
axils and subsequently on the leaf sheaths and collars, and 
the stalk and ear shoot during later stages of their 
development (Guthrie et al., 1969; Guthrie et al., 1970; 
Guthrie et al., 1:-^1). ECB damage to the stalk adversely 
affects grain production by interfering with translocation of 
water, photosynthates, and nutrients, v/eakening the stalk and 
attachment of the ear shoot and providing a point of entry for 
pathogens (Klenke et al. , 1986b; Mason et al., 1996; Dicke, 
1954; Burkhardt, 1978). 
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The development of maize genotypes with enhanced 
resistance to staii-: tunneling by ECB has been an effective 
means of managing "he negative effects on grain production 
(Duvick, 1992) . However, conventional artificial selection 
for resistance to sualk tunneling is laborious, complicated by 
unfavorable correlations with other traits and potentially, 
limited by a lack of in.formation on genetic and biochemical 
factors associatec with resistance (Russell at al., 1974; 
Klenke et al., 19'''6b; Coors, 1937; Beeghly et al., 1997) . 
Some of these challenges could be elucidated and am.eliorated 
through genetic analysis facilitated by molecular genetic maps 
(Parerson et al. 1991). Information from such analysis could 
facilitate m.arker-assisted selection, identify candidate genes 
and help define the biological basis of resistance mechanisms 
(Byrne et al . , 1996; McMullen et al., 19 98; Lee et al., 1998; 
Byrne et al., 19 98). 
Genetic factors for resistance to stalk tunneli.ng by ECB 
in maize have been mapped using whole-arm chromosomal 
translocations and DNA niarkers for detecting quantitative 
trait loci (QTL). Genetic factors from inbred line B52 were 
identified on chromosome arms IS, IL, 2L, 3S, 4L, and 4S 
(Onukogu et al., 1978). Schbn et al. (1993) found QTL 
affecting resistance in regions IS, IL, 2S, 2L, 3L, 7L, and 
lOL of a 373xB52 F .-; population. Jampantong (1999) detected 
QTL associated with resistance zo tunneling by ECB on 
chromosome bins 2.01, 5. 05, 5.08, 6.00, 6.07, 8.03, an.d 9.02 
of a B73xMo47 F;:; population. 
Validation si::_-dies com.paring QTLs results from cwo 
different generations of the same population grown in 
different environments have shov;n that in. many cases very few 
QTLs are common (Austin and Lee, 1996a; Austin and Lee, 1996b 
Austin and Lee, ir'93; Beavis, 1994; Melchinger ec al., 1998, 
A.jmone-Marsan et ai., 1996). Sampling effects and different 
environmental conditions are important factors affecting QTL 
results (Beavis, 1^94; Melchi.nger et al., 1998; Austin and 
Lee, 1998; Zeng, 1394; Jansen and Stam, 1994). 
In the study reported herein, recombinant inbred lines 
(RILs) of che B73;-;552 population were used to map QTL for 
resistance to tunneling by ECB. The RILs are advantageous for 
QTL mapping and trait dissection because they increase the 
power of QTL detection and they represent a more permanent 
samiple of progeny for use in other investigations (Burr et 
al., 1988; Burr and Burr, 1991; Burr et al., 1994). The first 
objective of this e.xperiment was to map QTL for resistance to 
tunneling by ECB, plant height, and number of days to 
anthesis. The second objective was to compare QTL detected in 
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the F:;;3 (Schon et ai., 1993) and RILs of the same population 
to assess the consistency of QTL detection across environments 
and generations. 
Materials and. Methods 
Population 
The populaticn of RILs was derived from the cross of 
inbred lines B73 and B52. B73 is susceptible and B52 is 
resistant to stalk-tunneling by second generation European 
corn borer (ECB2). Each RIL was derived from a single F- plant 
by self-pollinatir.g one plant per line for five consecutive 
generations until "he F.;:- generation following the single seed 
descent method (Brim, 1966). Seed was increased for each RIL 
by seifing three plants in the Fg;- generation and harvesting 
them in bulk to fcrm the F^.^s generation that was grown in the 
field experiments. 
Phenotypic data 
Two hundred F. lines, B52 and B73 were planted in 2.81 m 
single-row plots at a rate of 17 kernels/plot in 14x15 simple 
lattice designs at the ISO Agronomy and Agricultural 
Engineering Research Center (AAERC), west of Ames, and the 
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Hinds Farm, north of Ames, lov/a, on May 6 and April 28, 1997, 
respectively. B7 3 and B52 were repeated as entries five times 
each per replication. The experiment was repeated in 1998, but 
fourceen RILs were omicced from the 1998 experiments because 
the DNA. marker da::a revealed that they were contaminated. In 
199''^, the experimental design was a 14x14 simple lattice 
planted at Hinds Farm, on A.pril 29 (replication 1) and May 1 
(replication 2) and at AAERC on May 5, using the same plot 
sizes and seeding rates as in 1997. 
The soil characteristics of the research plots differ 
greatly. The Hinds farm is located on a floodplain of a river 
and has sandy soil classified as Hanlon-Spillville complex. 
The soil at the AAERC has been classified as Nicollet and 
Webster clay loa.m. 
A.ll plots were fertilized before planting with 134.5 kg 
ha'" of actual M in the spring of both years. The herbicide 
Metalochlor was applied pre-planting and Bromoxynil was 
applied at post-emergence at Hinds Farm in 1997. The herbicide 
Prcpachlor was applied pre-planting and Bromoxymil-atrazine 
was applied at post-emergence at Kinds in 1998. Cyanazine and 
Alachlor vvere incorporated at pre-planting at AAERC Farm in 
1997 and 1998. Manual weeding was necessary at both locations 
in both years. 
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Freshly hatched ECB larvae were applied in the leaf axils 
of the top ear shcot and of the two adjacent nodes of the 
first six plants in each plot when approximately 50-; of the 
RILs reached anthesis. In 1997, the inoculations were July 22-
24 at Hinds Farm and August 5-8 at the AAERC. In 1998, the 
application periods were July 20-22 and July 22-27 in Hinds 
and the AAERC, respectively. Overall, 400 to 500 larvae plant"" 
v/ere applied in 1997 and 300 to 400 larvae plant"' were applied 
in 19 98. 
The date of anthesis for each plot v/as recorded in all 
environments as the date when 50% of the plants in a plot shed 
pollen. For QTL analysis, the trait 'anthesis' is defined as 
the number of days from the date of planting until the date of 
anthesis. After anthesis, plant heights of the six infested 
plants were measured to the nearest 5 cm from the soil surface 
to the node of the flag leaf. For QTL analysis, the trait 
'plant height' was defined as the average height in centimeter 
of the six measured plants. 
Previous studies have reported ECB tunneling as a ratio 
of tunnel length and plant height, because differences in 
plant height among genotypes could have a confounding effect 
on the assessment of resistance (Coors, 1987). Herein, ECB 
tunnel is reported in cm and not as a ratio of tunnel length 
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and plant height because the genetic correlation between ECB 
tunneling and ECB tunneling/plant height ratio was 0.937 (SE 
r.:= 0.01137), indicating that both measurements are almost 
identical. The genetic correlation between ECB tunneling and 
plant height was r.O'C significant indicating that plant: height 
is noc a confounding effect on resistance. 
The uunnelina by ECB was measured on che infesred plants 
approximately 45 "o 50 days after application. Stalks were 
split longitudinally from the soil surface to the second node 
below the tassel. .--.11 tunnels in the stalks were measured, and 
in cases where th-ore were parallel tunnels, only the longest 
was recorded. Holes in the stalk were counted as 1-cm tunnels. 
Two centimeters were added to the total length of a tunnel 
when the top of the plant was missing due to breakage caused 
by EZB tunneling. In 1997, tunneling was measured on September 
13 and 14 at Hinds Farm and from September 20 to 27 at the 
r^AEP.C. In 1998, measurements were taken on September 11 to 15 
at Hinds Farm and on September 17 to 19 at the AAERC. For QTL 
analysis, the trait ^ECB tunneling' was defined as the average 
total tunnel length in centim.eters of six plants. 
In 1997, there was a significant natural infestation of 
first-generation European corn (ECBl) borer in both locations. 
The final instars of ECBl can bore into maize stalks, and 
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tunnels caused by SCBl or ECB2 cannot be distinguished when 
measured an the end of the season. Presumably, mere larvae can 
survive to cause scalk tunneling on those lines with higher 
levels of leaf damage by ECBl. Therefore, to minimize the 
confounding effect of ECBl on ECB2 tunneling evaluation, each 
ploc was rated visually for ECBl leaf blade damage, and the 
leai blade damage was used a covariate in the analysis of ECB2 
tunneling in 1997. Ratings were taken before application of 
ECB2 larvae and were based on Guthrie's (1960) nine-point 
scale of leaf damage. The ECBl leaf damage score had a 
significant effect as a covariate in the statistical analysis 
of ECB2 tunneling, indicating that it was effective in 
reducing the confounding effects of ECBl damage. 
Analysis of phenotypic data 
The error variances for ECB tunneling at the AAERC and 
Hinds were significantly different when tested with Box's test 
(Milliken and Johnson, 1992). Therefore, a separate analysis 
v;as performed for each location using the tunneling data 
collected in both years at each location (Table 1). 
The data from each environment were analyzed with Proc 
Mixed (SAS Institute Inc., 1997). Complete and incomplete 
blocks were considered to be random effects. The RILs were 
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fixed effects. The least squares means for each line from each 
environment were used for the overall analysis including 
environments and genotypes as factors. The combined analysis 
was performed using Proc GLM (SAS Institute Inc., 1990) with 
environment as a random effect. The lease square means (across 
all environments) for each RIL were used in QTL analysis. 
In order to estimate genetic variance components, 
heritabilities, and genetic and phenotypic correlations (r^ and 
r,;, respectively) -in analysis of variance was performed with 
Proc GLM considering RILs and environments as random effects. 
Daca collected from B52, B73, and the contaminated RILs were 
not included in the estimation of correlations, 
heriliabilities, and variance components. Approximate standard 
errors of che generic correlations were estimated according to 
Mode and Robinson 1959) . Exact confidence intervals for 
her i liability (K~) -rstimates on a entry-mean basis were 
calculated according to Knapp (1985). Approximate standard 
errors (SE) of heritability estimates on a plot-basis were 
calculated according to Hallauer (1981) and Mode and Robinson 
(1959) . 
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Genotypic data 
DNA was extractiecl from lyophilized leaf tissue (Saghai-
Maroof et al., 19^-4) collected from approximately ten F^;7 
planes of each RIL. Segregation data ac RFLP loci were 
produced accordina to published procedures (Veldboom et al. 
1994": v/ith a set : 120 DNA clones available from the 
University of Missouri, Columbia (iVIaizeDB) , lov/a State 
University, and Brookhaven Nacional Laboratory. Segregation 
data at 65 loci defined by simple sequence repeats (SSR) were 
produced according to the protocol described by Senior et al. 
(1956) with primer sequences deposited in the MaizeDB 
(he cp ://nucleus . ac; ron . missouri . edu/ssr . htm.l) by DuPon" de 
Nemours Ag. Produc-s, Pioneer Hi-bred Int., University of 
Missouri and Broo-".haven National Laboratory. 
One hundred eighty uhree RILs were used for linkage 
mapping and QTL analysis. Seventeen RILs (3 RILs were 
discarded after Lhe 1998 experiments) were discarded from the 
original set of 2C0 because they v/ere contaminated or had more 
than 10% of loci with non-parental alleles. A Chi-square test 
was performed for each locus to test for segregation 
distortion. 
Linkage analysis was performed with MAPMAKER/EXP version 
3.0 (Lander et al., 1987). Loci were assigned to linkage 
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groups (LG) with a minimum LOD score of 3.0 and a maximum 
Haidane distance of 40 centiMorgans (cM). Three-point linkage 
analysis was performed for each linkage group. The "order" 
command was used at least 16 times per linkage group wich an 
informativeness criteria of 160 individuals and a minimum 
distance between loci of 5 to 8 cM (depending on the linkage 
group). All combinations of "triple error detection" on or off 
and "use three point" on or off were used several times each. 
The order that was found to be "best" in the majority of the 
runs was used as a starting point for adding new loci to the 
LG. The "compare" command was used to check if that order was 
indeed best. One rrder was declared to be better than another 
when they differed by a log likelihood of 2.0. Then, the "try" 
comiTiand was used co map the remaining loci. Finally, the 
"ripple" command v/as used to verify local locus orders. 
Unmapped loci were placed with the "place" command. 
QTL mapping 
Composite interval mapping (CIM) (Jansen, 1993; Jansen 
and Stam, 1994; Zeng, 1993; Zeng, 1994) was conducted with two 
software packages, PLABQTL version 1.1 (Utz and Melchinger, 
1996) and QTL Cartographer version 1.13 (Hasten et al., 1999). 
These softwares v/ere used as QTL searching tools that would be 
41 
lat-3r fit all together in a multiple regression model. Mapped 
marker loci and a single locus from each tightly-linked (0.0-
0.1 ciVl) pair or group of loci were used for QTL mapping with 
PLABQTL. Cofactors were chosen by stepv/ise regression and 
default stopping criterion (Akaike's information crinerion, 
AIC, of 3.0) with "he "cov" statement in PLABQTL. With QTL 
Cariiographer, cofaccors were chosen with a combinarion of 
forward and backward stepwise regression using the FB option 
in SRm.apqtl. Cofaccors with an F-statistic higher than 3.5 in 
the multiple regression were used in CIM. 
A LOD threshold of 2.50 was used to declare the presence 
of a QTL with PLAEQTL. To declare the presence of a QTL with 
QTL cartographer, 500 permutations were performed for each 
traic to determine the V= 0.05 genome-wise significance level 
(Churchill and Doerge, 1994; Doerge and Churchill, 1996; 
Churchill and Rebai, 1996). Then, QTL detected by either 
prcara.m were intec: rated in a single multiple regression model 
using PLABQTL. Mocel selection was performed using backward 
and forward stepwise regression using the AIC to choose the 
best model (Jansen, 1993). Two models were significantly 
different if their AIC values differed by more than 2.0. If 
two models were net significantly different in their .AIC 
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val'ues, the model with the fewest parameters and highest R" 
was chosen. 
Digenic episracic interactions for ECB tunneling were 
teseed between all pairs of loci v/ith two-locus analyses of 
variance using the SAS routine Epistacy (Holland, 1998) 
Interactions with o-values less than 0.00026 were declared 
significant. This threshold was chosen based on a conservative 
estimate of the m.inimum number of independent tests among 20 
chrcmosomie arms o: m.aize (Holland et al., 1997) . Interaction 
terms were sequent: ially added to a multiple regression model 
that included the marker loci closest to each QTL estimated 
from CIM. Interactions significant ar a p<0.05 level in the 
multiple regression model were maintained in the final model. 
Models that contained the QTL main effects and no more than 
two digenic epistatic interactions were developed. The 
accepted "best mocel" explained the greatest proportion of the 
phenotypic variation and had significant (p<0.05) main effects 
of the initial QTL and interaction terms. 
Results 
Phenotypic analysis 
The phenotypic evaluation of the parents and the RILs is 
summarized in Tables 1 and 2. The error variances for ECB 
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tunneling at che AAERC and Hinds locacions were significantly-
different (p<0.01J2) (Milliken and Johnson, 1992). Therefore, 
a separate analysis was performed for each location using che 
tunneling data collected in both years at a given location 
(Table 1) . 
The parentis "ind RILs had lower means and the RILs had a 
smaller range for SCH tunneling length at the Hinds location 
(Table 1) . Also, rr.e genetic variance (a"^) and phenocypic 
variance (a~c) were borh 4.6 nimes larger at che AJ\ERC rhan at 
Hinds (Table 2). However, B73 and B52 differed significantly 
from each other and from the mean of the RILs in all analyses 
of ECB tunneling, oignificant transgressive segregation for 
higher ECB tunneling was observed in all the analyses and 
chere was significant genetic variation for tunneling in all 
environments (Table 1). The estimates of heritabilicy (H") on 
an encry-mean basis were between 0.71 and 0.78 (Table 2) . The 
H~ escimate on a p_ot-basis (0.36) is less than half che value 
of the estimate on an entry-mean basis, demonstrating the 
ImLpcrrance of replication over locations and years for 
obtaining good estimates of ECB tunneling means (Table 2). 
B73 and B52 differed significantly for anthesis date but 
not for plant height; nevertheless the RIL population varied 
significantly for both traits. The mean of the RILs was equal 
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to B7 3 for anthesis dace but smaller than both parents for 
plane height (Table 1). Significant transgressive segregation 
v/as observed in both traits. Anthesis date and plant height 
had very high heritabilities on an entry-mean basis, 0.95 and 
0.97, respectively (Table 2). 
Anthesis date was positively correlated with plant height 
(entry-mean basis r;= 0.416, rc= 0.402;. ECB tunneling was not 
significantly correlated with anthesis date (entry mean basis 
r ,.= -0.138, rc= -0.122) or plant height (entry mean-basis rg= 
0.07 5, rp= 0.058). Therefore, plant height was not considered 
as a potentially confounding effect in this evaluation of ECB 
tunneling. 
Segregation and linkage analysis 
Fifty-one of 185 loci exhibited significant (p<0.001) 
deviation from the expected genotypic ratios of an F^:-
population. Twenty-six of 51 loci had an excess of B73 
alleles, and six loci (phi096, phi026, phi079, BNL15.45, 
BNL13.05 and BML9.11) had an excess of B52 alleles. The six 
loci with an excess of B52 alleles mapped to two clusters on 
chromosomes 4 and 6. Nineteen loci had excess of 
heterozygotes. Non-parental alleles were present at at least 
one locus in 41 RILs, presumably arising from pollen 
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contamination in che F; or later generations. Loci were 
assigned to 11 Uncage groups. Chromosome 3 was divided in two 
linkage groups. Twenty-four loci could not be mapped to a 
unique position at a LOD value of 2.0 (Figure 1, loci in 
regular font). The 161 loci mapped to unique positions and 
useci for QTL mapping, comprised a genetic map of 166T cM with 
an average interval distance of 10 cM. In general, the order 
of loci in each LG coincided with the publicly available 
genetic maps (Davis et al. 1999). 
QTL analysis 
QTL were detected on five chromosomes (2, 3, 5, " and 9) 
in all analyses or 5CB tunneling (Table 3). Chromosom.e eight 
contained a QTL only in the combined analysis. There was 
evidence of more chan one QTL on chromosomes 2, 3, 5 and 9. 
In the combined analysis, nine QTL were detected and they were 
associated with 4»-, .2^ and 59.2% of the phenotypic and 
genctypic variance, respectively. In all analyses, alleles for 
decreased tunneling (resistance) were inherited from B52 at 
most of the QTL. 
Despite the differences in phenotypic values and genetic 
variation observeci at Hinds and the AAERC (Tables 1 and 2), 
similar sets of QTL were detected for ECB tunneling. At both 
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sites, QTL were decected on the same five chromosomes. Four of 
the seven QTL defected at Hinds (two QTL on chromosome 2, one 
QTL ,n chromosome : near UMC54, and one QTL on chromosome 9) 
haa similar or identical map positions and the same parental 
effects as QTL detected in the combined analysis and at the 
AAERC. As expectec, the QTL detected at the Hinds location had 
smaller effects and they were associated with less phenotypic 
and 7enotypic variation. 
Epistatic interacrions for ECB tunneling were detected in 
the combined analysis for two pairs of loci, NPI429 and MPIi04 
(chromosomes 1 ana 5), and bnlgl28 and UMC147 (chromosomes 3b 
and (Table 4). '-enotypes that were homozygous for the B52 
all-rle at bnlgl2c ind homozygous for the B73 allele at UMC147 
(or vice-versa) had the least tunneling. Either pair of loci 
could be included as a significant interaction term in a 
multiple regression model containing the main effects at the 
other QTL. However, the interaction terms were nor significant 
when both v;ere included in the full model. The model with the 
interaction term for bnlgl28 and UMCI47 explained 2.4^ more of 
the phenotypic variation. The regression model including the 
bnlgl28*UMC147 interaction along with main effects of nine QTL 
explained 52.1% of the phenotypic variation (Table 4). The 
full regression model with main effects of the nine QTL 
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wichout the interaction term explained A1.A h of the 
phenctypic '/ariation. The coefficient of determination (R~) of 
this model (proc ^-LM, SAS) was smaller than the model fit v;ith 
PLABQTL (Table 3) cecause the QTL were fit at the marker 
position in the regression analysis in Table 4, whereas the 
QTL •.•/ere fit ai: rheir best estimated positions with FLABQTL. 
Lsmeans estimated from nhe combined analysis were used to 
detecc QTL for an-nesis and plant height since the error 
variances in each -environment for those traits were not 
significantly different. Eighu QTL v/ere detected for anthesis 
dare and ten QTL ror plant height, and they were associated 
with 40.0 and 54.„ of the phenotypic variation, respectively 
(Tables 5 and 6) . Alleles from^ B52 v/ere associated with later 
anthesis at four QTL (IS, IL, 3L, and 9L). Although 352 and 
373 did not signirleantly differ in plant height, there was 
significant variation among RIL (Tables 1 and 2}. Six regions 
were associated with negative additive effects. Four QTL (two 
on 13, one on 7L, ::nd one near the centromere on 9) had 
positive additive effects, indicating that B52 alleles at 
those positions contributed to increased plant height. 
Although the phenotypic and genotypic correlations 
between tunneling and anthesis were not significant, three QTL 
for tunneling were located within 10 cM of QTL for anthesis. 
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On chromosome 2, rhe QTL for tunneling (locus dupssr21) was 11 
cM nrom the QTL fcr anthesis (locus UMC5). The negative 
effects at both QTl indicate that alleles from B52 were 
associated with less ECB tunneling and earlier anthesis. On 
chromosomes 8 and b, the QTL for tunneling (loci UMC7 and 
UMCSi) were 10 cM from che QTL for anthesis (loci phiOSO and 
[JMC95, respecriveiy). The additive effects of these QTL of 
chromosomes 8 and ^ had opposite signs for nhe tv/o traits. 
Similarly, chromosomes 7 and 9 had a pair of QTL for tunneling 
and plant height •.•.•ithin 3 cM of each other. The additive 
effects of those pairs of QTL had opposite signs. Therefore, 
craios that are nco genetically correlated (over che whole 
genc-e) may still .ihare some QTL. 
Discussion 
The heritabiiity estimates are similar to those reported 
previously for ECB tunneling, plant height and days to 
anthesis (Schdn et al., 1993; Lee, 1993; Sadehdel-Mcghaddam et 
al., 1983). 
Although only 183 individuals were used in rhe F,-;£ 
generation for EC5 tunneling QTL mapping and plant height, 
more QTL (9 vs 6) were detected and a larger (46.2 vs 38.0) 
percentage of the phenotypic was explained in this study than 
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in che F2:-: generation with 300 lines (Schon et al., 1993) . The 
increased effectiveness co detect QTL with RI populations was 
observed by Austin et al. (1996a) in maize and by Goldman 
(1995) in tomato. Additionally, the composite interval mapping 
method used in thi.7 study should theoretically reduce the 
error variance ano increase the power for detecting QTL (Zeng, 
1993; Jansen, 19931. 
Our results are consistent with other reports in which 
the majority of the resistance genetic factors were 
contributed by the resistant parent but additional resistance 
factors were associated with the susceptible parent (Bonn et 
al., 1997; Cardinal et al., 1998; Jam.pantong, 1999) . 
Precision of 2TL positions becomes very poor when loci 
exhibit severe segregation distortion as observed on 
chromosome 9 in the region of the ECB tunneling QTL near 
UMCci-UMC114. This occurs because severe segregation 
distortion can result in incorrect estimates of locus order 
and biased estimates of recombination frequency when using the 
mapping algorithm.s of MAPMAKER/EXP (Lorieux et al., 1995a; 
Lorieux et al., 1995b). Even under ideal conditions, computing 
confidence intervals for QTL position in CIM analysis is an 
unresolved problem (Visscher et al., 1996). Therefore, QTL 
that differed in their estimated positions by less than 20 cM 
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were considered cc be common for the purpose of comparing 
across different experiments. Two QTL associated with 
resistance against ECB cunneiing were detected in both this 
stuay and Schbn et: al. (1993) (on chromosome 2 near L'MC4, and 
on cnromosome 3 ne-.r dupssr5) (Table 5) . The B52 alleles at 
chese QTL decreased tunnel length. Additionally, cwo QTL 
detected at i-iinds only (Table 6), one near bnlglOS and one 
near UMC5 9, coincided in their location and sign of their 
effects wirh QTL .::ecected by Schbn et al. (1993) . Several 
studies of traits such as plant height and grain yield, have 
reported similar results in which few QTL were validated in 
uwo different generations of the same population (v/inh or 
•.•/ichout resamplin:: or in different environments (Ausnin and 
Lee, 1996a; Austin and Lee, 1996b; Austin and Lee, 1998; 
Beavis, 1994 ; Melcr.inger et al., 1998, Ajmone-Marsan et al., 
1996! . Many confounding effects could have caused the 
difference in resulcs presented here and by Schon et al. 
(1993) . Different QTL analysis methodologies, sample sizes, 
environmental concicions, and inbreeding levels v/ere used in 
this study. These factors have been reported previously to 
affect QTL results (Beavis, 1994; Melchinger et al., 1998; 
Austin and Lee, 1998; Zeng, 1994; Jansen and Stam, 1994). 
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Quantitative trait loci for resistance to ECB tunneling 
have been mapped in three other F3 maize populations; 
B73'De811, Mol7*B52 and B73*Mo47 (Lee, 1993; Jampantong, 
1999; . Two QTL (or. chromosomes 3 near dupssrS, and 5) were 
comir.cn between thic study and the B7 3''De811 experiment. The 
additive effect at both QTL showed that resistance factors 
were contributed by the resistant parent (B52 and De811 in 
each experiment, respectively). Two QTL (chromosome 2 near 
dupssr21 and chromosome 9 near UMC81) were detected both in 
thi^- study and in "he Mcl7*B52 population. In both populations 
the B52 allele contributed to a decrease in tunnel length. 
Three QTL (chromosomes 3 near dupssr5-UMC165, 5 near UMC54, 
and 9 near [JMC81) were also reported in the B73'^Mo47 
experiment (Jampantong, 1999). The QTL on chromosome 3 
detected in the B"3XMo47 population coincided with 2 QTL in 
this study, one QTL (near dupssrS) was detected in the 
com.bined and AAERC analysis (Table 3) and the other QTL (near 
UMC165) was detected in the Hinds analysis. In both studies 
the non-B73 alleles (B52 or M047) were associated with the 
resistant phenotype. Similarly, the non-B73 alleles 
contributed to the reduced tunnel length in the other two 
common QTL on chromosomes 5 and 9. Summarizing the above 
comparisons, four genomic regions seem to be consistently 
associated with genetic factors for resistance to ECB 
tunneling: chromosome 2 near bnlgl08-dupssr21, chromosome 3 
near dupssrS-UMCl-L 5 , chromosome 5 near BMLIO . 12-UMC54 , and 
chromosome 9 near 'JMC81-UMC153. 
ECB Lunneiinq and anthesis dace were noc significancly 
correlated, but seme QTL for both trairs mapped co similar 
positions. Non-si'::nificant genotypic correlation between two 
traits implies that the sum of the correlations of individual 
locus effects acrcss the genome is close to 0. However, such 
result does not necessarily m.ean that the two traits do not 
share genetic factors or QTL. Pleiotropy or linkage of QTL 
affecting different traits can contribute to a genetic 
correlation, but varying pleiotropic or linkage relationships 
at iifferent QTL may cancel each other out, resulting in a 
non-signifleant crrrelation. This was observed for common QTL 
regions affecting both ECB tunneling and anthesis date. 
Comparison of QTL affecting resistance to leaf-feeding 
and stalk-tunneling stages of ECB suggests that the genetic 
controls of resistance to these different stages of ECB 
feeding have little in common. Only a single QTL (on 5.05L) 
was detected for resistance to both leaf-feeding and stalk 
tunneling by ECB in a common population (Jampantong, 1999) . 
Furthermore, comparing the results presented here with those 
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from a QTL mappinc scudy for resistance to ECB leaf feeding in 
the Mol7*H99 population (Cardinal et al., 1998) reveals that 
only two genomic regions (7L and near centromere on chromosome 
9) could potentially have genetic factors for resistance to 
both leaf feeding -and stalk tunneling by ECB. Similarly, only 
one QTL (chromosome 9 near UMC114-bnl3.17) for resistance to 
ECB stalk tunneling presented in Lee (1993) had a similar 
genomic location to a QTL for resistance to ECB leaf feeding 
(Cardinal et al., L998). Biometrical investigations of the 
relationship betv/een resistance to leaf feeding and stalk 
tunneling indicat-- that there is no genotypic or phenotypic 
correlation between the two resistances, and this result was 
founci not only for ECB, but also for southwestern corn borer 
(SWCB) [Diatraea jrandiosella), and sugar cane borer (SCB) 
(Di-^rraea sacchar^-Is)(Bergvinson personal communication, 
1999; Pescho et al., 1965; Klun and Robinson, 1969; Guthrie et 
al., 1970; Guthrie et al., 1971; Russell et al., 1974; 
Sadehdel-Moghaddam et al., 1983; Rojanaridpic.hed at al., 1984; 
Klenke et al., 19o6a; Coors, 1987). 
Surprisingly, however, there was greater concordance of 
map positions of QTL for ECB tunneling resistance and QTL 
affecting resistance to leaf feeding by SWCB and SCB. Three 
QTL (on chromosome 2 near UMC4, on 5 near NPI104, and on 7 
54 
near bnig657) were detected both for resistance to SCB by Bohn 
ec ai. (1996) and for ECB tunneling resistance in our study. 
Five QTL (on chromosome 2 near UMC4, on 3 near dupssrS, on 5 
near LJiyiC54, on 1 near bnlg657, and on 9 near UMCSl) were 
detemed both for resistance to SWCB or SCB in Bohn et al. 
(19^'"^) and in chi~ paper. Finally, four QTL (on chromosome 5 
near uMC54, on 7 r.oar bnlg657, on 8 near NPI268, and on 9 near 
UMCSl) were detecced for resistance to SWCB or SCB in both 
Groh et al. (1998' and our experiment. 
These compara-ive QTL results suggest that resistance to 
ECB tunneling in "emperate m.aize and resistance "o insect leaf 
fee^j.ing in eropica^ maize are conferred in part by a common 
mechanism, while resistances no stalk cunneling and leaf 
feeding by ECB in temperate maize are mediated largely through 
different mechanisms. In support of this hypothesis is the 
observation that 4-dihvdroxy-7-methoxy-l,4-benzoxazin-3-one 
(DIL-iBOA) is invol-.-ed with resistance to leaf feeding by ECB in 
tem.perate but not tropical maize germplasm. (Klun et al., 
1967 ; Frey et al., 1997; Abel et al., 1995). Furthermiore, in 
tropical maize, DIMBOA is also not associated with resistance 
to leaf-blade feeding by SWCB (Hedin et al., 1984). In 
addition, in temperate maize, DIMBOA plays at most only a 
minor role in resistance to ECB stalk tunneling (Klun and 
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Robinson, 1969). 'Comparative genetic mapping provides further 
evidence for the involvement of DIMBOA in resistance to leaf 
feeding but not stalk tunneling by ECB in temperate maize. 
Genes coding for -nzymes involved in the synthesis of 
precursors of DIMEOA have been cloned and genetically mapped 
(Frey et al., 199"': to a genomic region on chromosome 4 v;hich 
was associated winh large QTL effects on ECB leaf feeding in 
temperate maize (C.firdinal et al. , 1998; and Jampantong, 1999), 
but •.•/as not detected as having an influence on stalk tunneling 
by in this experiment. 
Cell v;ali composition in the leaf blade or in the leaf 
shearh could be an important common mechanism of resistance 
against different borers (ECBl, ECB2, SCB and SWCB) in maize. 
Bohn et al. (1996; suggested that fiber and cell wall phenolic 
acic contents are involved in leaf feeding resistance to SCB. 
Simiilarly, resistance to stalk tunneling by ECB was explained 
in large part by cell wail components indicated by acid-
detergent fiber, neutral-detergent-fiber, and lignin and 
silica content of leaf sheaths in temperate maize (Coors, 
198b; Beeghly et 1997). Chromosom.al regions containing 
genes involved in the synthesis of cell wall components could 
be associated with resistance to different species and 
different life stages of corn borers in maize. In order to 
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corroborate this hypothesis it would be important to map in 
the same maize population both cell wall components traits and 
resistance to tunneling. 
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Figure 1. Linkage map of B73xB52 RI population. Chromosome number is indicated 
on top of each LG. RFLP loci indicated by bold capital letters, SSR loci by bold 
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Loci placed at LOD<2.0 are in regular font. 
6 7 
• | i l i i 026  i : i ) n ly23K h i i l uKMl  01 )  
- I 'MCf iS  
-n\i;oy 0 4bniii42(. 
-nnlrlw 
. p » l i 077  
•iimc65 
"umcnin 
•  i ' i . i  
• I IMC2J  
- ISUI06I I  
MI .MC46  l .UHNl .5  47a  
•  HNL9 .08n  
•mm28u 15 5i)lu070 
25  I  
«l •) 
54  ( .  
(i'i ) 
7S  I  
87  1  
1 1 2  2  
1 ik« )  
1225  
126 1 
1276  
.1 
150  7  
l o7  2  168 8 
171  
•inili-u.hft 0'm,iili{n(»7 
.  M'NHU 
.  lS l 'K4 i i  
•  IS l ' «4h  
.  pl i i ( l 34  
.  l>n lK657  | j l 'N t (  )U>  
•  d i ip i s r9  
-  p l i i l i 4  
- |IIM( ' l 25«  
- nm.r;37 • 
-nM:n .n7  
• isirii— 
-  i s i ' i n j  
• ii.mcs') 
.  ph idKl  
• I 'MCJS  
*  ph i  116  
0 0 
h: 
25 8 
15 2 
5(» ') 
60 K 
( )2  I  
64  U 
67  1  
75  7  
7 ( )8  
145  i»  
15 t )  7  
Figure 1. (continued) 
9 10 
M'I22U 
MM. 'MI  
( i .M(  1113  
hiilkfifi*' 
I tM.  10 .39  
11MC3I  HM, ' )« )hb  
| iMI2 i  n  | iM(  ) r> l i  I I  ^  p l i i ' i l l  
h i t t i ! l(>2 0,11 Imi1u666 limr«9 
pI l iDKO 
14  6  
18  7  
52  0  51 6 
' ) 2  4  
115 :  
l 'MC7(>  
l i .M(  I l 3h  
'  ph j ( l 2K  2 1  ph io l 7 2 '> (Iuid^Ki 
;  r .M(  Ki  
rM(* l53  0 ,4  l ' .M(  114  
IS I I3  
( )h  7  
7^: 
77  1  
H2 0 
88 0 
107  1  
125  I  
15'> () 
HNi .3 . ( )4  
.  p l i i 0 ( i3  
'  M ' I2«5  
MM 105  
IMIIKHO hni.7.4yc 
iim('ft4 o')ni»noi 
| > l i iU84  
o 
.  l iM. in .13  
Table 1. Overall mean and range of B73, B52, and Fgis lines for ECB tunneling damage 
across and within location, plant height, and anthesis date across locations. 
Generation ECB tunneling 
Across locations Hinds Ames Anthesis date Plant height 
Mean Range} Mean Rdiuje Mean Range Mean Range Mean Range 
• '"i 
B7 3 25. 1 20, 
G
O
 
! 
C\
J 
I 9 14, , 1 9. , 6 -16, 9 36, , 1 33, 
O
 
1 
, 9 80, , 1 79, , 8-80.5 191 18 6-194 
B52 5 . 4 4 , 3- 6. 6 2 , 8 1 , , 6- 3 . 1 8 , 1 4 . 8- 9, . 8 83. 4 82. 4-85.2 190 18 9-191 
F, -t 15. 4 4 , 7-33. 5 8 , , 6 2, , 3-25, , 4 22, , 3 6, , 6-4 6, ,2 80, , 7 73, , 7-89.6 17 9 130-228 
5'i LSD§ 6, , 9 5, , 4 11 .2 1 ,  4 9 
5^ LSDil 5, ,4 4 , 2 8 , 6 1 ,  1  7 
LSD#/ 3, . 1 2 , 4 4 . 9 0, , 6 4 
1" overall average across years and location of aJl F,lines, not including parents or contaminated 
1ines. 
J range of the overall means, parents had !> means. 
§ LSD for comparison among F,.. line means. 
LSD for comparison betvjeen a parent al mean and a F,;., line mean, 
if LSD for comparison between parental means. 
Table 2. Heritability estimates (and their standard errors or confidence intervals) and 
variance estimates (and their standard errors) on an entry-mean basis and a plot-basis 
for ECB tunneling, plant height and anthesis date. 
ECB tunneling 
Across locations Hinds Ames Anthesis date Plant height 
i',: .1 1 1 
Heritability 0.78 0. 1 0. 7 3 0. 95 0. 97 
954 CI (H-) t 0.73-0.83 0.62-0. 7 9 0. 6-5-0. 80 0. 9'!-0, 96 0.97-0.98 
O" , 21.3 B . 9 •52.2 •1 . 9 •11 1 
SE(a-,) 2.8 1 . 3 6.2 0.5 'I'l 
27. 1 12.5 57.7 5.1 422 
PJ ot-ba.si.s 
Heritability 0. 36 0, ,73 0.8 5 
SE(H-^) t 0.05 0, ,08 0.09 
22. 5 •1 , , 8 •1 1 -1 
SEla- 3.0 0, 4 4 
61 .8 6, , 5 '188 
tExact confidence interval (Knapp, 1985). 
J Approximate Standard Error (Hallauer and Mi randa, 1981). 
Table 3. Chromosomal location, additive effect estimates (and their standard errors), 
and partial for each QTL detected for ECB tunneling across locations, at AAERC and 
Hinds Farms based on a multiple regression model. 
Chrom t LocusJ Pos. § Add. 
Effect 
Stand. It 
Error 
Part R^tt Pos. Add. 
Effect 
Stand. 
Error 
Part .R^ Pos. Add. 
Effect 
Stand. 
Error 
Part .R^ 
Across Locations AAERC Hinds 
cM cm cM cm ; cM cm -
2 bnlglOe 70 70 -0.858 0.24 3 6. 7 
2 dupssr21 80 -1. 488 0.319 11 2 80 -2.064 0.491 9. 2 
2 UMC4 112 -1.301 0. 340 7 8 112 -1 . 841 0.522 6. 7 112 -0.853 0.243 6. 6 
3 UMC121b 10 1.165 0. 328 6 8 10 1 . 62 3 0. 504 5. 6 
3 dupssr^ 6.1 -1 . 440 n . 31 5 10 8 6/ -2.]49 0 . 50 9 9. 3 
3 UMC165 94 94 -0.7 62 0.248 5 . 1 
5 NPI104 66 66 -0.7 62 0.225 6. 1 
5 UMCS-J 110 -1.651 0.314 ] 3 8 108 
-1.938 0. 472 8 . 8 108 -0.691 0.233 4 . 8 
7 bn.lg657 80 -1. 109 0.331 b 1 80 -1.352 0 . 506 3 . 9 
1 
8 
UMCb9 
UMC7 
1!3 2 
14'] 0. 878 0.31] 4 4 
152 11 . O Cl 'i 0 . 2 3 6 3 . o 
5 phi028 20 1 . 556 0. 330 11 4 20 2. 277 0. 506 10. 4 18 0. 639 0.219 4 . 6 
Table 3. Cont. 
Chrom.T Locusj Pos. § Add.H Stand, s Part, R'^tt Pos. Add, Stand. Part.R^ 
Effect Error Effect Error 
Pos. Add. Stand. Part.R 
Effect Error 
Across Locations 
9 i'l.u-hl 
cm i:in l :1-1 
AAERC 
L:iti cm 
Hinds 
;:in 
Total R 
AIC 
Across locations 
4 6.2 V5.4 % 
-77.33 
AAERC 
41.0 V5.6 % 
-64.40 
Hinds 
35.1 V5.7 % 
-51.17 
t Chromosome 
I Closest marker locus to QTL position. 
§ Position = Maximum peak in cM, relative to the first, locus on each cliromosome. 
IjAdditive erfect is the reyi^ession L-oe i i: i cient; or t;ht: ijTL at t.lie i t: i i.n 1: i om the inuJiiplu 
regression analysis. Positive additive effects indicate tl'iat the D52 ailele increases the value or the 
trait. 
it Standard error 
tt Partial R' = Coefficient of determination betv.'een the respective QTL and i.he [ihenotypic observations, 
maintaining all other QTL effects fi.xed. 
Table 4, Chromosomal location, partial R , and probability value of the F test 
statistic for each of the QTL and epistatic terms for ECB tunneling across locations 
based from a multiple regression model. 
Chrom. Locit Position! Partial Pr> F1 
cM 
'• 
I  1 1 H ) 1) 1 
2 UM(M 1 1 3 •1 . 8 0 .  0002 
3 UMC121b 12 3. ,0 0, ,0029 
3 dupss r5 65 5. 3 0, 0001 
5 UMC54 109 6. 3 0. 0001 
7 bnlg657 78 5, 0 0, .0001 
8 UMC7 1 -Ui 3, ,2 fl, , 0020 
9 phi028 19 5, ,'1 0, ,0001 
9 UMC81 52 •1 , , B 0, , 0002 
3b bnlgl28 24V12 3 , 8 0 . 0010 
5 UMC1.17 0 r, . 4 0 . 0001 
bnlgl2b " IJ14C1 • 1 7 t) . 1) 0 . 000 1 
Two locus genotypic means// 
B7 3-B7:i B'n-Bb2 BS2-B7 3 Bb2-B'; 
]7,!jb M.ll Ih.oi) 
Total = 52.1 % 
t Marker locus fit in the multiple regression. 
t Marker position in cM, relative to the first locus on each chromosome. 
Table 4. Cont. 
^ Fill! ial R r k<-;:: ;l;' 1' n. i . T,,t , 1 T',| •• :!! .Jiift. -..I ir.^ih I he i-il i nii'k-t 
consi(ierati on. 
1 Probability value of the F test. 
1/Two-locus cjenotypic means: Thr; fir.st. parent; narueci refers ro genotypes homo;;\'i)ous fcjr tl^e parental 
allele at the first locus of tlie pair and l.he seixind i^areiiL name refers i.o ijeni)t yijus homoiiycjous tor the 
allele from the parent at the second locus of the pair. 
-J 
Table 5. Chromosomal location, additive effect estimates (and their standard errors), 
and partial for each of eight QTL detected for anthesis date based on a multiple 
regression model. 
Chromosome Locust Position;:; Additive^ Standard Partial 
Effect Error 
1 BML12.0 6 7 2 u. b 1 9 L) . 153 14.1 
1 ISU119 1 38 0 . -'l 8 I) . 1 51 7 , 0 
2 UMC5 91 -0. 4 2 6 0. 14 4 4 . 8 
3 UHC165 88 -0, 9 98 0 . 155 19.2 
3 NPI212 118 0, 460 0, 163 4 . 4 
'1 phi093 156 -0, , .158 0, , 138 6.0 
8 phi 080 15^1 -0, , 4 80 0, ,148 5. 7 
9 UMC95 62 0 ,  571 0, . 14 1 9 . 6 
Total = 40.0 V5.6 % AIC= -61.42 
t C1 o .s e 31: in a i: k e r .1 o i; 11 rf i o QT1. p o h i i. i o 11. 
J Maximum peak in cl-l, relative to the fit si locus on each cli romorioine. 
§ Additive effect i.s the recjre.s.-s i on coe r r i c i .unt; ol iJk- OTh at t li.- specifi..: |.)Oriii ion rrotn tlie niu.lt. iple 
regression analysis. Positive additive elides indi oate that, tlie li52 aileie incr. eases t.he value of the 
trait. 
^ Coefficient of determination between the respective QTL and the phenotypic; ob •S 0 r v d L i, o n s ^ in 3 i n ^ i, n 1 n y 
all other QTL effects fixed. 
Table 6. Chromosomal location, additive effect estimates (and their standard errors), 
and partial for each of ten QTL detected for plant height based on a multiple 
regression model. 
Chromosome Locus"!' Position:); Additive§ Standard Partial 
Effect Error 
.'M :ni 
1 bnlg4 3 9 61 6. 4 7 5 1, .316 12, 3 
1 UCM67 94 4 . 37 9 1, . 330 5. 9 
1 UMC128 120 -7 . 363 1 . ,402 13. 8 
2 phi083 63 , 627 ] , 137 8. ,8 
3 BNL8.35 51 -6, 516 1 , 312 9, , 3 
3 dups3r2 3 82 -(). , 6 3 9 ] . 4 0-' 1 1 , 1-
4 phi026 90 -3, , 916 1 .139 6, , 4 
6 UMC113a 58 -4 , 204 ], ,155 7 , 2 
7 bnlg657 7 5 5 , , 566 1 ,240 10, , 5 
9 UMC]53 54 8 , , 08 3 1 ,151 '? , 3 
Total = 54.2 V5.0% AIC= -102.78 
t Closest marker locus to QTL position. 
I Maximum peak in cM, relative to the first locus on eai:h chromosome. 
Table 6. Cont. 
§ Acidi L i vc ijlfo.rt i .s ! i,-.; j .;ii I i M'.-i.! I t .ht :  v ' l ' l .  I }f-  .-.-{.i- •! ! i • f ...sit. i./ii I : win i ic.- n.u 11 i|.l« 
regression analysis, Positive additive effects indicate that the B52 allele increases the value of the 
trait. 
II Coefficient of detei mi ii.-it i on between ihv i e.sp-ci. j vu QTI, anci t.he plv-iu' t .  VfH c observations, iiui i nt.ai nincj 
all other QTL effects lixed. 
•-j 
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GENETIC MAPPING AND ANALYSIS OF QUANTITATIVE TRAIT LOCI 
AFFECTING FIBER AND LIGNIN CONTENT IN MAIZE LEAF-SHEATHS 
AND STALKS 
A paper to be submitted to Crop Science 
Andrea J. Cardinal', Patricia Patrick, Kenneth J. Moore, ar 
Michael Lee 
Abstract 
Plant cell wails are a major source of energy for 
ruminant animals. Digestion of cell walls is limired by che 
presence of lignin, therefore improving the digestibility of 
forages is a major goal in forage crop breeding programs. Th 
Van Soest detergen:: method of measuring neutral detergent 
fiber (NDF), acid detergent fiber (ADF), and acid detergent 
ligni.n (ADD contents of forages has been widely used as a 
selection criterion for improvement of forage digestibility, 
recombinant inbred line maize population was used to map QTL 
for NDF, .ADF, and .^.DL contents of leaf-sheath and stalk 
tissues. All traits were positively genetically and 
phenotypically correlated. The larger genetic correlations 
were between NDF and A.DF in sheaths (r =0.84), NDF and ADF ( 
=0.96), ADF and ADL (r =0.8 3), and NDF and ADL (r =0.76) in 
stalks. Twelve QTL were detected for NDF and eleven QTL for 
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ADF in leaf-sheatns. Eight QTL detected for both traits were 
corrjPLon. Eight QTL were associated with leaf-sheath ADL (SHADL) 
content. Eleven QTL were detected for NDF, ADF, and ADL in 
stalks. Nine of 11 QTL detected for both STNDF and 3TADF were 
common. A high prcportion of QTL detected for these traits 
coincided in the parental allele that increased the value of 
the rrait and in "heir genomic locations, suggesting that it 
is only necessary "o select on one fiber component (MDF or 
ADF) to improve fcrage digestibility. Favorable correlated 
responses of unselected fiber components are expected due to 
coincident genomic locations of QTL and the high genetic 
correlation between fiber components. 
Introduction 
Plants cells have a rigid cell wall around cheir 
protoplast (Wilson, 1993). Plant cell walls provide mechanical 
and structural support for plant organs. In addition, they 
play an important role in cell recognition, protection from 
abiocic stresses, and water balance. Cell walls are composed 
of cellulose fibrils embedded within a matrix of lignin and 
hemicellulose (Mocre and Hatfield, 1994). In addition, cell 
walls concain water, inorganic solvents, phenolics, and 
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proteins. Plant cells are cemented together by the 
intercellular middle lamella consisting primarily of pectins. 
Cellulose is a (3 1,4-glucan polysaccharide. Hemicellulose 
is a diverse group of polysaccharides, such as arabinoxylans, 
glucuronoarabinoxylans, and xyloglucans in monocots (iVIoore and 
Hacfield, 1994) . lignin is a complex, highly polymerized 
molecule of m.onclignol precursors, p-coum.aryl alcohol, 
coniferyl alcohol, and sinapyl alcohol (Baucher et al., 1998; 
Whetten et al., 19 98). 
Cell walls are a major energy source for ruminants and, 
therefore affect fcrage utilization (Per Aman, 1993). 
Digestion of intact cell walls is limited by the presence of 
lignin and phenolic acids, such as ferulic acid and para-
coumaric acid, v/ithin the cell wall matrix (Moore and 
Hatfield, 1994) . Lignin polymers, p-coumaric acid, and ferulic 
acid are involved in forming ester or ether bonds with cell 
wall polysacharides, rendering them less accessible to 
ruminant microbial hydrolases. Lignin is virtually 
indigestible by ruminants (Moore and Hatfield, 1994) . 
Fiber is defined as a complex of nutrients which are 
relatively resistant to digestion and are slowly and only 
partially digested by ruminants (Moore and Hatfield, 1994) . 
Cellulose, hemicellulose, and lignin are the major components 
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of liber. For moncgastric animals, (3-giucans and pectins are 
also considered parn of fiber. 
Fiber compcnent contents of forages can be measured 
using several mechcds. The Van Soesr detergent system was 
developed to partition forage dry matter into fractions (based 
upon their bioavailability to ruminants) but not to isolate 
cell v/alls per se Van Soest, 1982) . The n.eutral detergent 
fiber (NDF), isolated after samples have been treated with 
mild detergent ana a-amylase (Goering and Van Soest, 1970), is 
a subfraction of the cell v/all (mostly consisting of 
cellulose, hemicellulose, and lignin) remaining after removal 
of "1-^.e more soluble and nutritionally available cell wall 
polysacharides (Mcore and Hatfield, 1994). The acid detergent 
fiber (ADF), isolated after acid detergent treatment of the 
NDF residue, contains mostly lignin and cellulose. The 
difference between NDF fraction and ADF fraction is the 
hemicellulose fraction. Treating the ADF fraction with 
sulfuric acid leaves an acid insoluble residue containing 
lignin (ADL) (Goering and Van Soest, 1970) . 
Near-infrared reflectance spectroscopy (NIRS) can be used 
to reduce the cost and time necessary for analyses of plant 
cell wall composition. Chemical components of a sample have 
near-infrared absorption properties that can be used to 
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differentiate one component from the others (Marten et ai., 
1989). Samples are scanned using NIRS, and a representative 
subset is selectea for NDF, ADF, and lignin analysis in the 
laboratory. A calibration equation is developed from chose 
samples to associate their wavelength spectra wich nheir 
chemical analysis. Once an equation has been developed for 
each of the NDF, ADF, and lignin components, the value of 
those components can be predicted for all samples. 
3reeding for high digestibility in forage maize is an 
important goal because it affects anim.al intake, growrh rate, 
and milk production (Lundvall et al., 1994) . Cell-wall 
digestibility is negatively correlated with cell-wall lignin 
and fiber concentrations (Lundvall et al., 1994). Mapping and 
estimating the effects of genomic regions containing genes 
thac affect: fiber and lignin ceil wall components (CWC) will 
improve our understanding of the genecic relationships among 
these traits. The objectives of this study were co map QTL for 
leaf-sheath and sualk NDF, ADF, and ADL and to compare their 
genomic positions with known maize mutants affecting the 
biosynthesis of CWC. 
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Materials and Methods 
Population. 
A recornbinanc (RI) population was derived from nhe cross 
of inbred lines B'^3 and B52. B73 has smaller NDF, A.DF, and 
lignin values than B52. Each RI line was derived from, a single 
F; clant followin.a ~he single seed descent method (Brim, 1966) 
until the Fg;- generation. Seed was increased for each line by 
selfing three planes in the F^;7 generation and harvesting them 
in bulk to form the F^jo generation that was grown in the field 
experiments. 
Phenotypic data 
The description of plot sizes, seeding rates, 
experimental design, and field management practices were 
reported by Cardinal et al. (2000). Briefly, two hundred RI 
lines, B52, and B'^3 were planted in single-row plots in 14x15 
simple lattice designs at two locations (ISU Agronomy and 
Agricultural Engineering Farm, and the Hinds Farm) in 1997. 
B73 and B52 were repeated as entries five times each per 
replication. The experiment was repeated at the same sites in 
1998, but fourteen RI lines were discarded from the 1998 
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experiments because they were contaminated. In 1998, the 
experimental design was a 14x14 simple lattice. 
In 1997, four internodes (one below and three above the 
primary ear) and "neir leaf sheaths were harvested from the 
last three plants in each plot on August 4 and Augusr 14 at 
Hinds and Agronomy Farms, respectively. The leaf shearhs were 
separated from rhe stalks in the field. In 1998, the 
separation of stalks and sheaths from each plot sample was 
performed in the laboratory after the samples v;ere dried 
because there was an important loss of sheath tissue from 
several samples during the 1997 harvest. In 1998, the tissue 
for fiber analysis was harvested on July 28 and on July 31 at 
Hinds and Agronom.y Farms, respectively. After harvest, samples 
were dried at 60C for approximately 1 week. Stalks and leaf 
sheauhs were kept: separate for further processing and 
laboratory analysis. 
Identical laboratory procedures v;ere conducted for stalks 
and leaf sheath samples. Dried samples v/ere ground with a 
Wiley mill and reground with UDY cyclone mill passing through 
a 1-mm screen. All samples were scanned through a near 
infrared reflectance spectrophotometer (NIRS) (model MIRS6500, 
MIRSystems a Perstorp Analytical Company). Separate 
calibration sets were selected for each tissue type and year. 
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Fifcy to 52 samples were selected for each calibration set, 
representing 5 of the samples from each group. One gram of 
each sample was dried for at least 2 h at 10OC to obtain dry 
maccer percentages. Samples from each calibration sen were 
analyzed for neutral detergent fiber (NDF), acid detergent 
fiber (ADF), and ash free acid detergent lignin (ADD in 
triplicate. A 0.5 g sample v/as used for sequential detergent 
analysis to decerrr.ine NDF, A.DF, and .ADL following the ANKOM 
filter bag method of fiber analysis (.^.nonymous, 1998a,b,c). 
The AMKOM Fiber Analyzer (Model No: ANKOM200, ANKOM 
Corporation, Fairport, NY) was used for NDF and ADF 
determinations anci the Daisy II Incubator for ADL 
determinations (Ancnymous, 1998c). A few modifications were 
made to the NDF and .ADF procedures: one hot water rinse step 
was added for a total of 4 rinses of 5 min each, and the time 
lengt.h of the fi.nal acetone wash was increased to 5 min. Hot 
tap v/ater was used in the rinsing steps of the ADL procedure. 
After 3 h of exposing the filter bags with tissue sam.ples to 
12i sulfuric acid in the Daisy Incubator, samples were rinsed 
with hot tap water. Then, filter bags were placed in pippette 
washers where they were further rinsed with hot tap water 5 to 
6 times to remove all acid. Finally, t.hey were rinsed for 5 
minutes in acetone. Bags were dried at lOOC overnight and 
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weighed. NDF, ADF, and ADL denerminacions were correcred for 
dry matter contenc of each sample. Ash content was subtracted 
from the ADL determinations. 
NIRS prediction equations were developed separately for 
NDF, ADF, and ADL for each tissue type and year, using 
modified partial lease squares (Shenk and Westerhaus, 1991) 
vyich the Infrasofr International (ISI, Port Matilda, MA.) NIRS 
3 ver. 3.0 software program. Criteria used to develop the 
equation were no ir.clude no more than eight terms in che 
regression equaticn, to use 4 to 5 cross validation groups, to 
have a high coefficient of multiple determination {R") , and to 
have low standard errors of calibration (SEC) and 
crossvalidation (JECV) . NDF, A.DF, and ADL values were 
predicted for all samples using the prediction equations 
developed, and then Lhe predicted values were used in the 
analysis of the daca. 
Phenotypic data analysis 
The data from each environment v/ere analyzed v;ich Proc 
Mixed of SAS (SAS Institute Inc.,. 1997). Complete and 
incomplete blocks v;ere considered to be random effects and 
lines to be fixed effects. Least squares means for each line 
from each environment were then used for the overall analysis 
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including environnn.ents and genotypes as facrors. The over-
environments analysis was performed with Proc GLM of SAS (SAS 
Institute Inc., l'?-'0), considering lines to be fixed effects 
and environmencs rr be random. LSmeans for each line were 
estimated for use in QTL analysis. 
In order no -snimare genetic variance components, 
heritabilities, and genetic and phenotypic correlations (rg 
and Tr,, respective_y) , the parental lines and some 
contaminated RI lines were eliminated from the data set. 
Analysis of variance was performed with Proc GLM considering 
lines and environments as random effects. Approximate standard 
errors of the genetic correlations were estimated according to 
Mode and Robinson ,1959). Exact confidence intervals for 
hericability (K~) --stimates on an entry-mean basis were 
calculated according to Knapp (1985) . Approximate standard 
errors (SE) of heritability estimates on a plot basis were 
calculated according to Hallauer and Miranda (1981) and Mode 
and Robinson (1955). 
Genotypic data 
The procedures used for DNA isolation and for collection 
of restriction fragment length polymorphisms (RFLP) and simple 
sequence repeats \'JSR) genotype data were described by 
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Cardinal et al. (2000) . A total of 120 RFLP and 65 SSR loci 
were selected to be mapped in this population. One hundred 
eighcy three RI lines were used for linkage mapping. Several 
lines were discarded from the original set of 200 because they 
were conraminaned or had more than 10", of loci with non-
parental alleles. Linkage analysis was performed with 
MAPMAKER/EXP version 3.0 (Lander et ai., 1987). Loci were 
assigned to linkaae groups (LG) with a minimum LOD score of 
5.0 ind a maximum Haldane distance of 40 centIMorgans (cM). 
Three-point linkaae and multipoint analyses were performed for 
each linkage group as described in Cardinal et al. (2000). 
QTL mapping 
PLABQTL version 1.1 (Utz and Melchinger, 1996) and QTL 
car~cgrapher version 1.13 (Hasten et al., 1999) were both used 
for composite interval mapping (CIM) (Jansen, 1993; Jansen and 
Stam, 1994; Zeng, 1993; Zeng, 1994). Mapped marker loci and a 
single locus from each tightly-linked (0.0-0.1 cM) pair or 
cluscer of loci were used for QTL mapping with PLABQTL. 
Cofactors were chosen automatically with stepwise regression 
and default stopping criterion (Akaike's information criterion 
(AIC) of 3.0) with the "cov" statement in PLABQTL. In QTL 
cartographer, cofactors were chosen with a combination of 
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forv/ard and backward stepwise regression (che FB option in 
SRmapqtl). Those cofactors that had an F-stacistic higher than 
3.5 in the multiple regression were used in CIM. 
In order to aetermine the V= 0.05 genome-wise 
significance level co declare the presence of a QTL (QTL 
cartographer), 50C permutations were performed for each of the 
traits (Churchill and Doerge, 1994; Doerge and Churchill, 
1996; Churchill and Rebai, 1996). A LOD threshold of 2.50 was 
usea to declare the presence of a QTL with PLABQTL. Then, QTL 
detected by either program were integrated in a single 
multiple regression model using PLABQTL. Model selection was 
performed using manual backward and forward stepwise 
regression using the A.IC to choose the best model, as 
suggested by Jansen (1993). Two models had to differ by more 
than 2.0 in their AIC values to be declared significantly 
different. If two models were not significantly different in 
their AIC values, the model with the sm.allest number of 
parameters and highest R" was chosen as the best model. 
Digenic epistatic interactions between all pairs of loci 
for both stalk and sheath NDF, ADF, and lignin data were 
tested with two-locus analyses of variance including 
interactions using the SAS routine Epistacy (Holland, 1998) . 
Interactions with p-values less than 0.00026 were declared as 
92 
significant. This threshold was chosen based on a conservative 
estimate of the minimum number of independent tests among 20 
chromosome arms or maize, as suggested by Holland et al. 
(199~). Significanc interactions were added one au a cime to a 
multiple regression model including the loci closest no each 
QTL position estimated from the CIM analysis. Inneraccions 
significant at a p<0.05 level in the multiple regression model 
were maintained in the final model. Models with up to three 
digenic epistatic interactions plus QTL main effects were 
developed. The best model was determined to be that which 
explained the greatest proportion of the phenotypic variance 
with the main effects of the initial QTL and interactions 
remaining significant at p<0.05. 
Results 
Loci were mapped to 11 linkage groups; chromosome 3 was 
divided into two linkage groups (Cardinal et al., 2000) . 
Fifty-one loci exhibited segregation distortion, most often 
caused by an excess of B73 alleles (Cardinal et al., 2000). 
Locus order coincided with other published maps. 
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Fiber analysis 
The MIRS prediction equations for leaf-sheath tissue of 
the 1997 and 1998 samples explained most of the fiber 
variacion observed in the calibration set for NDF (SHNDF), ADF 
(SHADF) , and ADL .'HADL) (Table 1) . The R" ranged from 0.99 to 
0.83. The worst prediction equation from leaf-sheath tissue 
was for 1997 SHADL (Table 1). 
NIRS prediction equations for stalk tissue of the 1997 
and 1998 samples explained most of the fiber variation 
observed in the calibration set for NDF (STNDF) , A.DF (STADF) , 
and ADL (STADL). The smallest R~ value (0.90) was for 1997 
STADL. 
The parental lines, B73 and B52, differed significantly 
for all traits (Taole 2) . The mean of che F.;;^ lines differed 
significantly fro~ the parental means for all traits. 
Transgressive segregants were observed in both tails of the 
F^;:- line means distribution for SHADL, STNDF, STA.DF, and 
STADL. Transgress!ve segregants towards the low call of che 
Fg;e line means dis"ribution were observed for SHNDF and SHADF. 
The heriuability estimates on an entry-mean basis were 
very high (0.87 tc 0.96) for all traits (Table 3). The 
heritability estimates on a plot-basis for fiber and lignin 
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measured in the leaf-sheath tissue were intermediate (0.51-
0.63) and in the sialk tissue were high (0.71-0.73) . 
All traits were positively genetically and phenotypically 
correlated (Table 4) . The larger genetic correlaiiions were 
between STMDF and 3TADF (r =0.96), SKNDF and SHADF (r =0.84), 
STADF and STADL (r =0.83), and STNDF and STADL (r =0.76). The 
smaller genetic correlations were between SHMDF and STADL (r 
= 0.39), and S.HADL and STNDF (r =0.32). 
QTL analysis 
Twelve QTL were associated with differences of SHNDF 
content in a multiple regression model, explaining 65.8 h of 
the phenotypic variance (Table 5). Nine of 12 QTL had positive 
addicive effects indicating that B52 alleles at chose loci 
increased the value of SHNDF. One QTL was detected on each of 
chromosomes 1, 3, 5, 8, and 9. Two QTL were detected on 
chromosomes 6 and 10; and three QTL on chromosome 7. 
Eleven regions were significantly associated with SHADF 
(Table 5). Nine of eleven had positive additive effects. The 
full QTL regression model explained 59 % of the phenonypic 
variance. One QTL was detected on each of chromosomes 1, 3, 5, 
8, 9, and 10. Two QTL were detected on chromosome 6 and three 
QTL were detected on chromosome 7. 
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A small propcrcion (44.5%) of the SHADL phenotypic 
variation was explained by the full QTL multiple regression 
model (Table 6). Seven of eight QTL had positive additive 
effects. One QTL was detected on each of chromosomes 1, 3, 3b, 
7, and 9. Two ,TL were detected on chromosome 2. 
Eleven QTL were detected for STNDF (Table 7). Four of 11 
QTL had negative additive effects indicating that B75 alleles 
at those loci increased the MDF concentration in stalks. One 
QTL vvas detected on each of chromosomes 3, 6, 8, and 10. Two 
QTL were detected on each of chromosomes 1 and 2. Three QTL 
were detected on chromosome 5. The full QTL model explained 
61.2 % of the phenotypic variation. 
Differences cf ADF concentration in stalks were 
associated with 11 QTL (Table 7). Eight of 11 QTL had positive 
additive effects. Fifty-four percent of the phenotypic 
variation was explained by the full QTL model. Two QTL were 
detected on each of chromosomes 2, 8, and 10. One QTL was 
detected on each cf chromosomes 1, and 5. Three QTL were 
detected on chrom.osome 5. 
Twelve QTL were detected for STADL (Table 8). Eight of 12 
QTL had positive additive effects. The full QTL model 
explained 53.3 % of the phenotypic variance. One QTL was 
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detecced on each cr chromosomes 2, 4, 6, and 10. Two QTL were 
dececced on each cf chromosomes 1, 3, 5, and 3. 
The estimated standard errors of uhe QTL additive effects 
ranged from 14% to 38% of the value of che additive for all 
traics, indicating nhat additive effects of minor QTL were 
esrimated poorly. 
Two no four nigenic epistatic inneraccions were 
significani: at p<0.00026 for each of the fiber and lignin 
measurements in leaf-s.heaths and stalks, lyiost of the 
interaction terms were not significani: in the full QTL 
multiple regression model or their inclusion made some of the 
main QTL effects r.on-signif leant. Interaction terms only 
rem.ained significant in full QTL models of three traits (SHADL 
and 3TADL). ISU6 interacted with phi08 7 such that genotypes 
homozygous for the 37 3 allele at ISU6 and homozygous for the 
352 allele (or vice-versa) had the largest amount of lignin in 
their leaf sheaths (Table 6) . UMC128 interacted with UMC65. 
Individuals that v/ere homozygous at both loci for the 352 
allele had the largest lignin amount in their leaf-sheaths 
(Table 6). Individuals homozygous for the 373 allele at UMC16 
and homozygous for the B52 allele at bnlg669 had the largest 
lignin content in their leaf-sheaths (Table 6). The full QTL 
model without interaction accounted for 42 % of the phenotypic 
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variation in SHADL. QTL were fit at the marker locus position 
in Table 6 (model v/ith interaction) , therefore the R" of the 
full QTL model without interactions differed from that 
reported in Table 6 (additive model). The inclusion of the 
interaction terms ro the full QTL regression model (and their 
main effects) increased the R~ to 56.9 %. 
ISUlOl significantly interacted with phi027 for 3TADL 
(Table 8). Individuals homozygous at both loci for the B7 3 
allele or for the 352 allele, had the lowest amount of lignin 
in cheir stalks. The interaction term explained 2.9 of the 
phenotypic variation. 
Discussion 
Heritability r^nd phenotypic and genetic correlation 
estimates for CWC :rom. this study are comparable zo those 
repcrced in other maize populations (Beeghly et al. , 1 9 9 1 )  .  
Similarly, there was some agreement between QTL for CWC 
identified in this study and in a previous study. Several QTL 
for metabolizable energy concentration (identical co ADF) of 
whole plant material of European flint F3 topcrossed lines 
coincide with QTL for SHADF and STADF in this study 
(Lubberstedt et al., 1994). QTL for STADF on chromosome 2 near 
ISU7, chromosome 5 near phi087, and chromosome 6 near U1MC21 
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coincided with those reported for metabolizable energy 
concentration. QTL for SHADF on chromosome 3 near dupssrS, 
chromosome 6 near 'JMC21, chromosome 7 near [JMC35, chromosome 9 
near UMC95 coincided with those reported by Liibbersredt et al. 
(19 9 4) . 
Heritabiiity estimates for CWC reported here and in 
previous studies ire high, suggesting that phenotypic 
selection for decreased CWC content should be effecrive (Table 
3). Heritabilities for CWC were high even when estimated on a 
ploc-basis, so extensive replication over locations and years 
v/ouid not be necessary to effectively select on decreased NDF, 
ADF, and ADL. Generic correlation estimates of MDF and ADF 
fibers content in Leaf-sheaths and stalks were exrrem.ely high 
(0.c4 and 0.96, respectively). Consequently selection for one 
nrait will result in a correlated response in the onher fiber 
trait:. Thus, for breeding purposes, only one of nhe nwo fiber 
analysis should be necessary, and eliminating half of the lab 
analyses v/ould improve rhe cost-efficiency of selection 
programs. 
The results from QTL mapping of CWC traits presented here 
confirmed the high genetic correlations observed (Tables 5, 6, 
7, and 9). Eight QTLs for SHNDF and SHADF coincide in their 
genomic positions and additive effect sign (Table 5) . 
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Similarly, nine QTLs for 3TNDF and STADF had overlapping 
positions and the same sign of their additive effects (Table 
7). Four QTL are common between SHADF and SHADL (Tables 5 and 
6). Three QTL have similar genomic positions for SHMDF and 
SHADL (Tables 5 and 6) . Seven QTL are comm.on for both STADF 
and oTADL (Tables " and 8). These results are further evidence 
that: selection to decrease the value of one trait, v;ill 
involve selection for most of the same alleles that decrease 
the value of the correlated traits. 
The majority of QTL for one CWC within leaf-sheaths and 
stalks coincided ir. their genomic locations with QTL for other 
CWC. There are several possible explanations for this result. 
First, ADL is a fraction of A.DF, and ADL and ADF are fractions 
of MDF. Therefore, a QTL detected in a particular fiber 
fraction could be detected because there is a QTL in one or 
botr. of its subf ra :tions. For example, the QTL near phi026 has 
alm.cst the same additive effect for both SHNDF and SKADF. 
Therefore, most probably the QTL effect on NDF is simply a 
result of the difference in ADF content between genotypes 
homozygous for different parental alleles in this region. The 
QTL with similar effects on both SHNDF and SHADF on chromosome 
7 near UMC35 is another example. Similarly, one QTL for both 
SHADF and SHADL on chromosome 8 near UMC31-phill5 may be due 
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primarily to differences in ADL. Finally, the QTL near 
bnlq615, near [JMC1--7, near IS[J106d, near phi087, and near 
MPI232 affected STMDF and STADF similarly, suggesting that 
their primary effecr is on STADF. 
A second explanation for these results relates to the 
impact than a sm.all modification of lignin composition can 
have on lignin and cell v/all behaviors in traditional methods 
of lignin determination (Whetten et al., 1998). Small changes 
in lignin composition can lead co important changes in forage 
digestability (Moore and Hatfield, 1994), chemical pulping 
yields (Whecten ec al., 1998), and results of lignin 
decerm.inaciori by - niocidolysis (Whetten er al., 1993). A 
change in lignin composition or content (QTL) could cause 
changes in fiber digestabilities (without necessarily altering 
fiber concent) because fiber digestability is influenced by 
the crosslinking between lignin polymers and cell wall 
polysacharides mediated by p-coumaric acid, ferulic acids, and 
phenolic dimers (Moore and Hatfield, 1994). It is not clear if 
increase and modifications of lignin will cause changes in NDF 
and ADF solubilities estimated by the ANKOiyi chemical method 
used in this study. If this were the case, then we would 
expect that a QTL v;ith small but significant effects on lignin 
content would coincide with QTL having larger effects on NDF 
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and ADF. This was observed for QTL on chromosomes 3 (near 
dupssr5) and 7 (near phi034-dupssr9) that affected SKNDF, 
SHADF and SHADL. QTL for STNDF, STADF and STADL on chromosome 
2 near UMC4, on chromosome 5 near phiOS?, and on chromosome 10 
near NPI2 32 also act as expected if this were true. 
A third possioility is that genes for hemicelluiose, 
cellulose and lignin synthesis are clustered in the maize 
genome. Many genes of the lignin biosynthesis pathways are 
known and have been cloned and sequenced in maize (Genbank) 
but their chromosomal locations are currently unknown (not 
publicly available;. The brov/n midrib mutants [bm) of maize 
are an exception Baucher et al., 1998; MaizeDbase). 
Unfortunately, only one gene (cellulose synthase) from the 
cellulose and hemicellulose pathways has been cloned in maize 
and there is very Little information on the biosynthetic 
pathways of cell wall polysaccharides (Holland et al., 1999). 
Recently, a sequenced corn RFLP locus (csu567U) was reported 
to have similarity to the cellulose synthase gene from 
Gossypium hirsutum (Davis et al., 1999). This locus map to bin 
3.07 close to a QTL near MPI212 detected for STNDF. Expressed 
sequence tags (EST) or cloned genes that are candidate genes 
for the synthesis of cell wall polysacharides could be mapped 
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in -riis RIL population to see if they localize to QTL 
posicions detectec for stalk and sheauh NDF, ADF and ADL. 
Two QTL detected in this study coincide with known 
mutants of lignin synthesis. The bm2 mutant of maize has been 
mapped to bin 1.11 which is very close to a QTL for 3HADL near 
isu6 and a QTL for STADL near ISU106d. The bml mutant has been 
mapped to bin 5. 04, very close to the QTL for STADL mapped 
near BNL7.43. bml mutants have reduced lignin content, reduced 
cinnamyl alcohol dehydrogenase (CAD) activity (Baucher et al., 
1998) but do not have improved digestibility (Barriere et al., 
1994': . hm2 mutants have reduced amounts of guaicyl lignin 
units and total lignin and increased amounts of syringil 
U Ti I. tl 3 . 
Another interesting observation from the QTL results 
summarized on Table 9 is that some clusters of QTL for NDF, 
ADF and ADL had tissue-specific effects. For example, QTL near 
phi0d7 on chromosome 5 and near NPI232 on chromosome 10 
affected lignin, mdf and ADF contents, but only in the stalk 
tissue. Conversely, QTL on chromosome 7 near phi034-dupssr9 
and on chromosome 9 near UMC81-UMC95 affected all three CWC, 
but only in leaf-sheath tissues. 
For the purpose of improving forage digestibility and 
intake via phenotypic or MAS, the biological cause of 
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clustering of QTL affecting CWC is unimportant. Plant breeders 
can exploit this clustering and consequent high genetic 
correlation however, by selecting on the trait and analysis 
method that is least expensive, fastest for evaluating many 
breeding lines, and most highly correlated to in vivo 
digestibility. These results suggest that if fibers are 
considered important in predicting corn forage digestibility 
then evaluation or only one component, either NDF or ADF, is 
necessary to select for improving digestability. There is 
considerable evidence that fiber content of maize is related 
to digestability. Both fiber fractions are highly correlated 
with organic matter digestability (Marvin et al, 1995; Wolf et 
al., 1993), lignin and NDF explain a great proportion of in 
vizro digestable liry matter (Lundvall et al., 1994), and 
stover NDF and ADF are highly correlated with stover in vitro 
true digestability (Wolf et al., 1993) . 
On the other hand understanding the biology of cellulose, 
hemicellulose and lignin synthesis will require a better 
understanding of the causes behind the QTL clustering reported 
in this study. 
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Table 1. NIRS prediction equations R^, standard errors of 
calibration (SEC), and standard error of crossvalidation 
(SECV) for leaf-sheath, and stalk NDF, ADF, and ADL. 
Trait R- SEC SECV 
Table 2. Overall mean and range of B73, B52 and F6:7 lines for SHNDF, SHADE, SHADL, 
STNDF, STADF and STADL. 
Generation SHNDF SHADF SHADL STNDF 
Mean RangeJ Mean Ran.jt- Mean Range 1-U-an Range 
J i; J • ^ : 
B73 555.5 550.5-559.8 271.5 2bl.l-21i.b 19.7 19.4-20.2 -182.1 '180.0-483.9 
B52 663.4 661.8-665.3 336.-1 335.4-338.9 25.6 25.2-55.9 54u.() 54 1.9-549.6 
606.5 539.3-658.8 305.3 24 9.0-335.8 22.8 15.6-29.0 51 0.6 425.4-604.9 
5'i LSD§ 16.7 11.1 2.3 18.6 
51 LSDU 12.9 8.6 1.8 14.3 
5" LSDit 7.4 5,0 1.0 H . •! 
t overall average across years and locatJons of all F6:'/ lines not. including paients tjr contaminated 
lines. 
J range of the overall means, parents had 5 means each. 
§ LSD for comparison among F,;. line mean.'i. 
11 LSD for comparison of a parental mean and .-j F,line mean. 
U 1,SD for comparison between pareiit nieans. 
Table 2. Cont. 
Generation STADF STADL 
Mean Raiuje:!; Mean Range 
g kcj"' DM 
!'•• •; 2'-' ,  ' ]  .  . ' <  
B52 326.5 322.5-330.3 '10.5 3^). 3-^1 1.2 
F, ..t 293.1 229. 7-363. B 34.2 20.7-.18.0 
5f, LSD§ 
5% LSDII 
5t LSD# 
12. 9 
1 0 . 0  
5.8 
3. 2 
2.5 
1 .') 
K) 
Table 3. Heritability estimates (and their confidence intervals) and variance estimates 
(and their standard errors) on an entry-mean basis and on a plot-basis for SHNDF, 
SHADF, SH2^L, STNDF, STADF and STADL. 
SHNDF SHADF SHADL STNDF STADF STADL 
i'.hl. I 111 1 . i;: 1 : 
Heritabili ty 0. 94 0. 92 0. 87 0. 96 0. 96 0. 93 
95i CI(H-)t 0.93-0.95 0
 
1 o
 
o
 
0.90-0.84 0.97-0.94 0.97-0.95 0. 92-•0. 95 
5 67 186 4 . 62 933 486 18 . 
SE{0-'J 62 21 0.55 101 52 2. 1 
CT-p 603 201 5.29 977 507 19. 8 
Plot-basi s 
Heritability 0. 60 0. 63 0.51 0. 7 7 0. 7 a 0 . 71 
SE(H-) 1 0.07 0.07 0.06 
GO o
 
o
 0. 08 0 . 08 
!") 6 6 1 b -j 4 . 6 '1 < 3 4 ti 0 1 8 . "} 
SE(a-,) 62 21 fJ.S 101 5 3 ;) ^ ] 
o'p 938 290 9.0 1204 62 5 2 6. 4 
1" Exact confidence interval (Knapp, 1 985). 
^Approximate Standard Error (Hallauer and Miranda, I'Jbl) 
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Table 4. Genot3fpic correlations (sibove diagonal) and 
phenotypic correlations (below diagonal) on an entry-mean 
basis for SHNDF, SHADF, SHADL, STNDF, STADF and STJUDL. 
Standard errors are in parenthesis. 
SHNDF SHADF SHADL STNDF STADF STADL 
SHNDF 
SHADF 
SHADL 
STNDF 
STADF 
STADL 
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Table 5. Chromosomal location, additive effect estimates (and. 
their standard, errors) , and partial for each QTL detected 
for SHNDF and SHADF based on a multiple regression model. 
Chrom Locusi Pos. Add.lf Stand. # Part. Pos . Add. Stand. Part. 
Effect Error R^tt Effect Error R^ 
SBINDF SHADF 
g :- ;j DM "M •'" nr.T 
-
bnigb15 l i s  10.09 1.34 24 . 9 • p J -1 -15 •'j . ^ . 16.6 
3 dupssrS 3.35 1.1? 22 . 6 62 4 .•:'G la.7 
= 
MP!104 b 4 3 - 9 g - • 1 o 
' 3 M J-1 J . - ^ 94 3.23 1.13 4 . 6 
o 
T J  
UMC2 1 
3ML5. j 5a 
~ A I"' 4 . 6 
0 2 . 52 
~ 1 6.4 
•j . " 6 . C 
- 7  ISU84b 54 - 6 . 90 1.43 12 . 0 - — 3.25 0 . - " 7.5 
7 phiO 3 4 69 - _ 1.45 13 . 3 "^0 4 . 66 
-
•JMC 3 3 1 b 9 4.03 1 17 6.5 170 o . 7 4 . J .  c 
rjMClO 3 
uMC31 
-i 4.20 1.21 6. 6 
61 1 . 90 
UMC95 5 8 3.33 1.25 2G . 7 6 6 2 . 64 0  . 0  6 . 0 
10 BML7.4 9c 7 6 4.59 0."I 19.0 
i 0 rjMC64 3 2 6.92 1.20 16.3 
10 BNL7.4 9a 148 4 . 34 1 a c 4 . 4 
Total R- AIC Total AIC 
65.8 V4.4 % -148.49 58 .9 V4.7 % -118.60 
r Chrcrp.osome. 
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Table 5. Cont. 
i Cio:5esc marker iocus G  QTL posi-iop.. 
•; in cM, relative to -.he first locus on each 
regression coefficient of the QTL at the specific 
cle regression analysis. Positive additive effects 
lleie increases the value of the trait. 
deter.T.ination between the respective QTL and 
[laintaininq ail -ther QTL eff-^ts rixed. 
Table 6. Chromosomal location, additive effect estimates (and their standard errors), 
and partial for each of eight QTL detected for SHADL based on a multiple regression 
model (Additive model). Position, partial R^, and probability value of the F statistic 
for each QTL and epistatic terms based on a multiple regression model (Model with 
epistasis). 
Chrom.' LocusI Pos. S Add. 11 
Effect 
Stand.# 
Error 
Part. 
R^tt 
Pos. Part. Pr>F 
Additive Model Model with epistasis 
cM g kg"- % cM % 
1 ISU6 188 0. 46 0 . 15 5. 4 184 5.4 0 0002 
2 BNL7.49b 30 0. 81 0 .19 9. 7 17 3.5 0 0022 
2 UMC4 113 0. 55 0 . 14 7 . 7 1 1 3 2.4 0 0113 
3 dupssr5 70 0. 93 0 . .15 17. 7 65 12.2 0 0001 
3b dupssr33 18 0. 54 0 . 17 5 . 7 24 2 . 1 0 0161 
1  dupsflr9 BiS 0 . 5 8 I )  .1-1 9. 0 h 7 1 . 9 0 020 6 
8 phi 115 6 2  0. 5 4 0 . 1 3 8  . 6 n 2 u  • ) 0 0 0 0 2 
9 UMC81 52 -0. 8 5  0 . 14 18. 0 52 9.5 0 0001 Two-locus genotypic means lili 
5 phi087 1]5 2.4 0 0110 B 7  3 - B 7 3  a 7 3 - B 5 2  B 5 2 - B 7 3  B  52-B52 
lSU6^phi087 2. 1 0 0164 22. 1 23.1 23.7 22.2 
Table 6. Cont. 
Chroin.'i' Locusij: Pos. § Add.^ l Stand,# 
Effect Error 
Part. Pos. ;j;:i Part 
R'iii) 
. Pr>F 
Additive Model Model vjitli epi stasis 
cM g kg"' DM % cM % 
1 OMCl/R ] •" ''.11 
6 UMC65 [,6 0.2 0,4539 
UMC128*UMC65 2.0 0.0191 22.6 22.4 22. r, u 2 4 .i 
UMC16 1 31 1.0 0.0918 
8 bnlg669 52 0.2 0.4 7 65 
UMC16'bnlg669 2.9 0,0048 22 . 0 24.2 22. 9 22 . 5 
Total = 44.5 V5.6 % AIC= -75.59 
"i" Chromosome 
Total = 56.9 % (Model without interactions R^ = 42 0%) 
J Closest marker locus to QTL posit ion. 
§ Position =Ma.ximum peak in cM, relative to the first locus on each chromosome. 
1|Additive effect is the regression coefficient of the QTL at the specific position from the multiple 
regression. Positive additive effects indicate that the B52 allele increases the value of the trait. 
II Standard Error. 
"i't Coefficient of determination between the resfiecLive QTL and i.he phenotypi.c obsei. vati (Mis, maintairiing 
all other QTL effects fixed. 
ij;:!; Marker position in ell, relative t o thu iii;.st: ioinjs oti ea(-li ciiromosome. 
§§ Partial R~= SS marker/SS Total. S.S Total= Type 111 Sum of Squares from the full model under 
considerat ion. 
Two-locus genotypic means (g kg'' OM) : The first parent named refers to genotypes homozygous for the 
parental allele at first locus of the pair and the second parent name refers to genotypes homozygous for 
the allele from the parent at the second locus of the pair. 
119 
Table 7. Chromosomal location, additive effect estimates (and 
their standard errors) , and partial for each QTL detected 
for STNDF and STADF based on a multiple regression model. 
-hrom . Locus 3; Pos. Add.*l Stand .# Part. Pos. Add. Stand. Part. 
Effect Error R^tt Effect Error R^ 
STNDF STADF 
cM g kg"' DM % cM g k j ~ M % 
-
bnl 1 5 12 2 ' 1 2 . 3  ^ i . 3 122 9.41 1..- 24.4 
-
isu:15 13 0 7.32 2.11 6 . 6 
•-
ISU" no 0 •' 1. c :5 9. 9 6 6 -4.13 1 .^ ~ 5.S 
-
L;MC4 112 9.73 i.~7 15. 1 114 6.24 1.3o 10.9 
MPII12 122 -5.75 l.'l 6.2 
r rjMC 14"^ : 4.46 l.cl 4 . 3 0 3.08 1.^4 3.5 
i ^  ^ C C 5 E 5 . ~ 3 i . c 5 o . 4 35 4.32 l.il ^.4 
cni. J "D T 6 —3.8b i.o ? 6 . 6 116 -6.03 1 . ; • 10.7 
FLl 'Z 'j . U 12.3 
-
UMC21 ~0 5.36 1.32 10.4 
BNL "3 . 11 ^6 t' . _ i.  3 j. ^  . o 30 4 . 02 1 . 3.- 4 .0 
phiO81 o 4 4.55 1.33 6.4 
bnl-j210 72 4.32 1.43 6.2 
N] p T 2.3 2 108 -6.63 l.~5 7 . 7 106 -7.65 1.43 14.1 
Total 
61.2 V4.5 
AIC 
% -129.14 
Total R^ AIC 
54.1 V5.0 % -98.65 
?GS1 
."losome. 
•vSC r .-1'3 IT 
"ion = Max 
rsome. 
i.T.um r-ak in cM, re la nive to "he first locus on each 
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Table 7. Cont. 
^Addi-ive effect: is 
CCS i'ion. frcm "he mu 
indir:;re char the 35 
:? ^".:::dard error. 
the :Lhenocv"cio ocser 
regression coefficient of the QTL at the specific 
pie regression analysis. Positive aaditive effects 
iieie increases the value of the trait. 
;nt of aeterrp.inacion between the respective QTL and 
ions, maintaining all other QTL effects rixed. 
Table 8. Chromosomal location, additive effect estimates (and their standard errors), 
and partial for each of twelve QTL detected for STADL based on a multiple regression 
model (Additive model). Position, Partial R^, and probability value of the F statistic 
for each QTL and epistatic terms based on a multiple regression model (Model with 
epistasis). 
Chrom.' Locus'l Pos. § Add. Stand.# Part. Pos. X 1 Part. Pr>F 
Effect Error R^tt r'§§ 
Additive model Model with episf.a.sis 
cM q kg' DM % 
1 bnlg615 124 1 57 0.27 16.3 1 2 2  7.7 0 .0001 
1 ISU106a 179 0 72 0.25 4 . 5 176 1. 8 0 .0165 
2 UMC4 110 0 91 0.27 6.3 1 ] 3 4 .2 0 0003 
3 UMC121a 24 -1 32 0. 37 7 . 1 14 4 . 5 0 . 0002 
3 dupssrS 62 1 71 0.29 17.0 65 10.4 0 .0001 
••1 bii lq58 9 182 -0 68 0 , 27 . 5 1 ti 0  4 .4 0 . {M'Xu: 
5 BML7.4 3 62 1 18 0 . 2 5 11.4 6 3 4 . •/ 0 . 0001 
5 ph1087 116 -0 65 0,2 6 3. 5 
6 UMC21 70 1 23 0.27 H . 0 72 6.6 0 . 0001 
8 phi081 64 0 65 0.2 5 3.8 65 2.2 0 .008 3 
Table 8. Cont. 
Chrom.t Locusf Pos.§ Add.H Stand.# Part. 
Effect Error R^tt 
Pos.tJ Part. Pr>F 
R'§§ 
B phiOBO IJjG 
111 iipnrf;: IM 
2 ISUlOl 
9 phi02 7 
ISU101*phi027 
0 . 67 
• 1 .  i :  
0.2! •1 . 1 ] 1)7 
1 
1.--1 0.0 30 6 
11 . 01 'I'' 1 
0 1.6 0.0223 Two-locus genotypic means^lH 
•in 0.3 0.3039 B73-B73 H73-B52 Bb2-U73 B52-BD2 
2.9 0,0025 32.5 35.6 34.7 32.7 
Total =53.3 V5.0 % AIC = -91.45 Total R^ = 59.5 % (Model without epistasis R^ = 51.0 %) 
t Chromosome 
J Clo.3est marker locu.s t;o QTI. poi;ition. 
g Position = Maximum peak in cH, i"elative to the first, iocu.s on each cliromosome. 
^Additive effect is the regression coefficient of the QTL at the specific position from the multiple 
regression analysis. Positive additive effects indicate that the B52 allele increases the value of the 
trai t. 
ft Standard Error. 
tt Coefficient of determination between the respective QTL and the phenotypic; observations, maintainincj 
all other QTL effects fixed. 
Marker position in cM, relative to the first locus on each chromo.'icme. 
§§ Partial R'= SS rnarker/SS Total. S'.S Tolal= Type 111 iium of Squares froin the tull motiel under 
consideration. 
1]^ Two-locus genotypic means (g kg"' DM): Tlie first parent named refers to genotypes homozygous for the 
parental allele at first locus of the pair and the second parent name refers to genotypes homozygous for 
the allele from the parent at the second locus of the pair. 
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Table 9. Comparison of chromosomal locations of QTL detected, 
for SHNDF, SHADE, SHADL, STNDF, STADF, and STADL. 
CHROMOSOME LOCUS SHNDF SHADF SHADL STNDF STADF STADL 
-
o r. J. c 1 3 X X X V 
-
^ ^  O 1 ^  / X 
-
I £ 'J 1C fc a — I. ;< 
7" 2ML".4 5c >: 
' 
•JMC4 X X X 
'jHC121a V 
iupssr5 X X 
X 
iupssr33 
cnlg5 5 5 x 
-
' "MC14" X. 
r isuiOod-;:! : 104 X X V 
r 5ML1C.12 
-
V X 
phil26 :< X 
PL1-UMC21 X X 
G 3ML9-OSa X, 
- ISU84b X X 
- phi0 34-dur £sr9 X X 
7 UMC3 5 X X 
5ML5.11-1-: :C103 X X X 
p oMC31-phl X V X X 
•5 phi080 XI 
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Table 9. Cont. 
CHROMOSOME LOCUS SHNDF SHADF SHADL STNDF STADF STADL 
'•MCSl-UM'7 X 
L br:la210--;:-:':64 X X 
:•! ? 12 3 2 X X 
=ML".4 9a X 
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RELATIONSHIPS OF QTL FOR EUROPEAN CORN BORER TUNNELING AND QTL 
FOR CELL WALL COMPONENTS IN MAIZE. 
A Paper to be submitted to Crop Science 
Andrea J. Cardinal and Michael Lee 
Abstract 
The objective of this study was to understand the genetic 
relationships of QTL detected for European corn borer (ECB) 
tunneling, neutral detergent fiber (NDF), acid detergent fiber 
(ADF;, and acid de-ergent lignin (ADD content in leaf-sheath 
and sralk tissues zz a maize recombinant inbred line 
population derived from B73 and B52. Five QTL were detected at 
or near genomic positions for ECB tunneling and each of NDF 
and ADF components in the leaf-sheath. Four of these five QTL 
for MDF and ADF mapped to common locations. Four QTL were 
detected in the same genomic region for both ADL content in 
the leaf-sheath and ECB tunneling. For the stalk tissue, four 
QTL v/ere detected for ECB tunneling and both NDF and ADF 
content. Six QTL v;ere detected for both ADL content and ECB 
tunneling. Some of the QTL detected in common for each cell 
wall component and ECB tunneling contributed to the negative 
correlation observed between cell wall components content and 
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ECB tunneling but some QTL effects were positively correlated. 
This suggests chat while CWC contribute to resistance no ECB, 
other mechanisms and other genes also are involved. Several 
genomic regions ccncribut:ing to the negative correlation 
between ECB tunneling and cell wall component content in the 
leaf-sheaths coincided with position of QTL detected in 
tropical maize population.s for resistance to leaf-feeding by 
southwestern and sugarcane corn borers. These regions m.ay 
contain genes involved in the synthesis of cellulose, 
hemiicellulose, ana lignin in the leaf-blades and leaf-sheaths 
of corn plants. 
Introduction 
Cell wall components (neutral detergent fiber, acid 
detergent fiber, and lignin) contents of m.aize leaf-sheaths 
and stalks are associated with resistance to European corn 
borer {Oszrinia nr.bilalis Hubner) tunneling (ECB) (Coors 1987; 
Beeghly et al., 19 97). 
These associations were confirmed in BS9(CB) maize 
population. Correlated linear increases in NDF, acid detergent 
fiber (ADF), cellulose, and lignin in leaf-sheaths were 
observed when selection was applied for resistance to leaf-
damage by first generation of European corn borer (ECBl) and 
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CO leaf-sheach, collar and stalk-tunneling damage by second 
generation of ECE : ECB2) (Klenke et al., 1986; Coors, 1988; 
Buendgen et al., lr'90) . Furthermore, one cycle of divergent 
selection for NDF and lignin content in stalks and leaf 
sheachs cause a correlated response in ECE tunneling and leaf-
sheach damage (Oscrander and Coors, 1997). 
The relationship between CWC and ECB tunneling is not so 
clear in two maize populations (WFISIHI and WIFI3IL0) since 
they were created by selecting for high and low, respectively, 
content of leaf-sheath ADF, lignin, and silica but had similar 
resistance to ECB tunneling (Buendgen et al., 1990; Coors, 
1988'! . Nevertheless small negative genetic correlations were 
estimated between ECB tunneling and NDF, ADF, and lignin 
content of leaf-sheaths and stalks in S-. families of WFISIHI, 
WFISILO, and B73xDe811 populations (Beeghly et al., 1997). 
Two cycles of selection for reduced NDF and lignin 
content in stalk and leaf-sheaths in WFISILO caused a 
correlated increase in ECB leaf-sheath damage and tunneling 
(Ostrander and Coors, 1987). However, two cycles of selection 
for increased NDF and lignin content of stalks and leaf-
sheaths in WFISIHI did not result in correlated responses in 
ECE tunneling or Leaf-sheath damage (Ostrander and Coors, 
1997) . 
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Rojanaridpiched et al. (1984) and Coors (1987, 1988) 
acrempred to idencify which CWC were most iiriportanr for 
conferring ECB tunneling resistance by developing multiple 
regression equations to predict ECB2 damage based on levels of 
different cell wall components. This approach is effective 
when the independent variables are noc highly correlated. 
Problems v/ith regression m.ethods occur, however, when at least 
one linear function of independent variables is approximately 
equal to zero (Rav;^ings, 1988) . For example, a high 
correlation between tv/o independent variables indicates a high 
dependency and that a linear function between those variables 
can be found which will be close to zero. Whenever independent 
variables are highly collinear, the relative im.portance of 
collinear indeoenoent variables cannot be determined using 
either ordinary least squares or biased regression methods 
since the data are inadequate for this purpose (Rawlings, 
1988). While Rojanaridpiched et al. (1984) and Coors (1987, 
1988) did not address the possibility of correlations among 
CWC 'their independent variables), several studies reported 
high genetic and phenotypic correlation among some cell wall 
components (Beeghly et al., 1997; Cardinal et al., 2000b; 
Marvin et al., 1995; Wolf et al., 1993; Jung and Buxton, 
1994) . 
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The broad obiecrive of our study is to understand the 
genecic relationship between ECB tunneling and CWC. The 
population used t: study these relationships was a recombinant 
inbred line (RIL) population from the cross of B73 and B52 
inbred lines. Since CWC were reported to be highly correlated 
in This population (Cardinal et al 2000b), regression methods 
will not be useful in understanding the association between 
specific CWCs and ECB tunneling in this population. In this 
situation, comparisons of QTL detected for CWC and ECB 
tunneling in the sam.e maize population provide a more direct 
approach to understand the relationship between CWC and ECB 
tunneling would be provided by. 
QTL for both ECB tunneling and for CWC were previously 
mapped in the RIL copulation B73xB52 (Cardinal et al., 2000a 
and 2000b). The objectives of this study were to (1) compare 
QTL locations for CWC and ECB tunneling in order to elucidate 
the genetic relationships between CWC and ECB tunneling, and 
(2) compare these locations with QTL for resistance to other 
corn borer species detected in other maize populations. 
Materials and Methods 
A recombinant inbred (RI) population was derived from the 
cross of maize inbred lines B73 and B52. B73 is susceptible to 
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European corn borer and has lower NDF, ADF, and lignin 
concents than B52. B52 is highly resistant to ECB2 damage. The 
development of this population was described by Cardinal et 
al. (2000a, 2000b;. 
Plot sizes, seeding rates, experimental design, field 
management practices, and trait measurements were reported by 
Cardinal eu al. (2000a, 2000b). Briefly, recombinant inbred 
lines (RIL) and p.arental lines were planted in two locations 
in 1597 and 1998. Anthesis date was recorded when 50- of the 
plants in each 1-rov/ plot were shedding pollen. Six plants 
from each plot were infested with European corn borer larvae 
when 50% of RIL were shedding pollen. Four internodes and 
their leaf-sheaths were harvested from the last three plants 
of each plot for cell v;all component analysis eight to twelve 
days after the first larvae. Heights of the six infested 
plants were measured. ECB tunneling was measured 4 5 to 50 days 
after larvae application. 
MIRS prediction equations were developed separately for 
neutral detergent acid (NDF), acid detergent acid (ADF) and 
acid detergent lignin (ADL) as described in Cardinal et al. 
{2000b). NDF, ADF, and ADL values were predicted for all 
samples and used in the analysis of the data as described in 
Cardinal et al.(2000b). 
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Least squares means across environments for 18 3 RIL were 
estimated for use in QTL analysis. Separate QTL analysis for 
ECE zunneiing at AAERC farm and Hinds farm were performed 
(Cardinal et al., 2000a). For QTL analysis, the trait 
'anthesis' was deiined as the number of days from the date of 
planning unuil the date of anthesis (Cardinal et al., 2000a) . 
The trait ^plant height' was defined as the average height in 
centimeter of the six measured plants. The trait 'ECB 
tunneling' was defined as the average total tunnel length in 
centimeters of six plants. 
One hundred sixty one RFLP and SSR loci were mapped co 
unique positions, assigned to eleven linkage groups, and used 
in Che QTL analysis as described i.n Cardinal et al. ; 2000a, 
2000b) . The QTL m.etihodology and results for ECB tunneling and 
CWC were discussed previously (Cardinal et al., 2Q00a, 2000b, 
respectively) . For comparison of QTL genomic positions am.ong 
different traits, two QTL were considered to overlap when they 
were separated by less than 20 cM (Melchinger et al., 1998; 
Visscher, 1996) . 
Least squares means for each RIL in each environment were 
used as the data for the multivariate analysis of variance 
analysis (Proc GLM) (SAS Institute Inc., 1990) considering RI 
lines and environments as random effects to estimate entry-
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mean phenotypic and genotypic correlations among CWC and ECB 
tunneling (Cardinal et al., 2000a and 2000b). The parental 
lines and some contaminated RIL were eliminared from the data 
set for estimation of correlations (Cardinal et al., 2000a and 
2000b). Approximate standard errors of the genetic 
correlations were estimated according to Mode and Robinson 
I 1 y o y ) . 
Results and Discussion 
Significant positive phenotypic and genotypic correlation 
were observed for anthesis date and STNDF (0.216 and 0.219, 
respectively)(Table 1). Significant negative phenotypic and 
genetic ccrrelaticns were estimated between plant height and 
SKADL (-0.392 and -0.425, respectively)(Table 1). A biological 
explanation for the negative correlations observed between 
lignin and plant height cannot be given since we would expect 
that nailer plants would require higher concentration of 
lignin to maintain their standability. 
All cell wall components (SHNDF, SHADF, SHADL, STNDF, 
STADF, STADL) were significantly negatively phenotypically and 
genetically correlated with ECB tunneling (Table 1). These 
negative correlations indicate that an increase in each CWC is 
associated with a decrease in ECB tunneling, and therefore an 
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increase in ECB tunneling resistance. The highest genotypic 
correlations were oetween SHADF and ECB tunneling and between 
STADL and ECB tunneling (Table 1). The values of the 
correlations between ECB tunneling and CWC estimated in this 
population are wiihin the range observed in other corn 
populations (Beeghly et al., 1997). 
Comparison or genomic locations of QTL detected for ECB 
tunneling and SHMDF showed that five QTL are comrr.on to both 
traits (Figure 1). Four of five QTL contributed to a negative 
correlation among these traits. The QTL effects for ECB 
tunneling and SHMDF on chromosome 7 near UiyiC59-UMC35 were 
positively correlated (Cardinal et al., 2000a and 2000b). 
Similarly, five QTL were detected in the same locations for 
both SHADF and ECE tunneling (Figure 1). Four of those five 
QTL v;ere on the same positions as for SHNDF. Four common QTL 
contributed to neaative correlations. The QTL effects of SHADF 
and ECB tunneling on chromosome 7 near UMC59-UMC35 were 
positively correlated. Four QTL were detected in the same 
genomic positions for both SHADL and ECB tunneling (Figure 1). 
The QTL effects for SHADL and ECB tunneling on chromosome 9 
near 'JMC81 were positively correlated. 
For stalk CWC, four QTL were detected for ECB tunneling, 
STNDF, and 3TADF in the same genomic locations. Two QTL were 
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locaced on each of chromosomes 2 and 5 (Figure 1). Effects of 
two QTL, on chromosome 2 near bnlglOS and on chromosome 5 near 
UMC54-phiOS7, were positively correlated between each stalk 
fiber component (STMDF or STADF) and ECB cunneling (Cardinal 
et al., 2000a and 2000b). Four of six QTL detected for both 
STADL and ECB tunneling contributed to the negative 
correlation betv/een these traits (Figure 1). Effects of two 
QTL for STADL and ECB tunneling, on chromosome 5 near UMC54-
phiGo7 and on chrcmosome 8 near UMC7-phi030, were positively 
correlated. 
An increase cf fiber and lignin concentration in plants 
may increase the bulk; density in the ECB diet, reduce 
nutrients and available energy, reduce ECB larvae grov/th, and 
consequently reduce the tunneling damage caused by this insect 
(Coors, 1988; Bernays, 1986; Beeghly et al., 1997; Buendgen et 
al., 1990). Another possibility is that leaf toughness is 
associated with resistance to ECB damage (Bergvinson et al., 
199-': • . If these mechanisms are correct, we expect that QTL 
alleles that increase CWC will have a pleiotropic effect of 
reducing ECB tunneling. Although 10 out of 13 QTL detected for 
ECB tunneling were associated with at least one cell wall 
component from leaf sheaths or stalks, only 7 QTL for ECB 
tunneling contributed to a negative correlation between ECB 
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cunneling and a CWC. Those QTL detected for both ECB tunneling 
and CWC which its additive effects were positively correlated 
cannot be involved in the proposed mechanisms of action. Only 
half of the genetic variance was explained by all detected QTL 
for ECB tunneling ^nd only half of them were negatively 
associated wiuh Q71 for CWC content. Therefore, other 
mechanisms for resistance to ECB tunneling are very important 
in this population. 2 , 4-Dihidroxy-7-methoxy-l,4-benzoxazin-3-
one (DIMBOA) and silica contents of maize leaf-sheaths v/ere 
associated with EC3 nunneling (Rojanaridpiched et al., 1984; 
Coors, 1987) . Hov/ever, DIMBOA plays a minor role in ECB 
tunneling resistance in this population because 352 has low 
concentration of DIMBOA tunnel (Klun and Robinson, 1969; 
Roianaridpiched et al., 1984) . Also, the b:< genes involved in 
DIMBOA biosynthesis have been mapped to bin 4.01 and this 
region did not connain any QTL for ECB tunneling in this 
population (Frey ec al, 1997) . 
Five of seven QTL, contributing to negative correlations 
between ECB tunneling and a CWC, involved lignin in sheaths or 
stalks or both as one of the CWC. Lignin seems to be important 
for resistance to ECB tunneling. Five of seven QTL having 
negative correlations between ECB tunneling and a CWC involved 
either SHNDF, SHADE, or both. 
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Several genomic regions contributing to a negative 
correlation betv/een ECB tunneling and CWC content, have been 
associated with ECB tunneling in other maize populations and 
discussed by Cardinal et al. (2000a). The genomic region near 
dupssrS on chromosome 3 was associated with ECB tunneling in 
the 373xDe811 maize population (Lee, 1993). This region is 
also associated with all three CWC contents in leaf-sheaths 
and lignin conteni in the stalks in this study. The genomic 
region on chromosome 9 (near UMC81) was associated with ECB 
tunneling in M017;-;552 and B73xMo47 maize populations (Lee, 
1993:. This region is associated v/ith leaf-sheath NDF and ADF 
content. Finally, the genomic region near BNLIO.12-UMC54 on 
chromosome 5 associated with SHMDF and ECB tunneling in this 
study, was associated with ECB tunneling and leaf-damage 
caused by ECBl in che B73xMo47 population (Jampannong, 1999) . 
Three QTL, detected in two different studies, for leaf 
damage by first generation of European corn borer were 
reported to be located in genomic regions associated 'with QTL 
for ECB tunneling in the B73xB52 RI population (Cardinal et 
al., 2000a; Jampantong, 1999; Cardinal et al., 1998). QTL for 
leaf-sheath CWC contents were detected in these same genomic 
regions (Cardinal et al., 2000b). One region is on chromosome 
5 near BNLIO.12-UMC54 (B73xMo47), two regions are on 
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chromosome 9 near iJMC114 and on chromosome 7 near bnlg657 
(MG17XH9 9). 
In tropical maize, fiber and cell wall phenolic contents 
of ihe leaf blades may be involved in leaf-feeding resistance 
CO sugarcane borer (SCB) and southwestern corn borer (SWCB) 
(Bonn et al., 1996; Cardinal et al., 2000a). Good concordance 
of ccsiticns of QTL for ECB tunneling resistance in the 
B73;-;352 population and QTL affecting the leaf-feeding stage in 
SWCB and SCB in trcpical maize populations was reported by 
Cardinal et al. (2300a) . Three QTL (on chromosomes 2 near 
UMC4, 5 near NPIlC-l, and 7 near bnlg657) were detected for 
resistance to SCB in a tropical population, for ECB tunneling, 
and for at least one CWC of leaf-sheaths in our study (Bohn et 
al., 1996; Cardinal et al., 2000a and 2000b). Five QTL (on 
chromosome 2 near •JMC4, on 3 near dupssrS, on 5 near UMC54, on 
7 near bnlg657, and on 9 near UMC81) were detected for 
resistance to leaf feeding of SWCB or SCB in Bohn et al. 
(1997) and for ECB tunneling and at least one CWC of the leaf-
sheaths (Cardinal et al., 2000a and 20G0b). Finally, three QTL 
(on chromosome 5 near UMC54, on 7 near bnlg657, and on 9 near 
UMC81) were detected for resistance in SWCB or SCB in Groh et 
al. (1998) and for ECB tunneling and at least one sheath-leaf 
CWC in our experiment. All genomic regions except one 
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associated with QTL for ECB tunneling in the B73xB52 
population and for leaf-blade feeding of SCB and/or SWCB in 
tropical maize populations were associated with at least one 
CWC of leaf-sheaths. This provides further evidence that CWC 
very likely are a mechanism of resistance to leaf-blade 
feeding in other corn borer species in tropical maize. These 
genom.ic regions may contain genes that are involved in 
hemicellulose, cellulose, and lignin synthesis early in 
development in the leaf blades as well as later in the leaf-
sheaths . 
QTL comparisons between different traits do not provide 
evicience about the genetic nature of the observed 
associations. Either QTL for different traits in repulsion-
phase linkage or QTL with pleiotropic effects on ECB tunneling 
and CWC content cculd cause the observed results. Fine-mapping 
of genomic regions containing such associations could provide 
evidence in favor of one or the other of the genetic 
explanations. This approach has been successful in resolving 
questions about QTL effects and heterosis for maize grain 
yield (Graham et al., 1997) . 
The distribution of QTL for ECB tunneling and CWC in this 
population indicates that, despite the overall negative 
genetic correlation, it is possible to select for both 
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decreased CWC and ECB tunneling, since several genomic regions 
were positivily correlated for these traits. This is nhe goal 
of forage maize breeding programs that want to improve forage 
quality (decrease ZVIC content) and increase or maintain 
resisnance to ECB 'lunneling au the same time. Marker-assisted 
seleccion for particular combinations that would decrease CWC 
and ECB tunneling simultaneously would likely be more 
effective than phenotypic selection to achieve this goal. 
Selection for QTL with only small negative correlations could 
also contribute tc chis goal. For example, selection for lines 
homozygous for the B73 allele at the QTL on chromosome 2 near 
UMC4 is predicted co decrease the NDF content in stalks by 
19.46 g kg"" dry matter (2 x additive effect) and increase ECB 
tunneling by only 2.6 cm (Cardinal et al., 2000a and 2G00b). 
Thus, the knowledce of QTL effects and positions on 
unfavorably correlated traits is a very useful tool for 
breeding and can help us understand correlated complex traits. 
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Figure 1. Linkage map of B73xB52 RI population. Chromosome number is located on 
top of each LG. m ECB tunneling QTL, eq SHNDF QTL, 53 SHADF QTL, s SHADL QTL, 
CD STNDF QTL, ES STADF QTL, GSl STADL QTL. 
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Table 1. Genotypic and phenotypic correlations on an entry-mean basis for ECB 
tunneling, Anthesis, Plant height, SHNDF, SHADF, SHADL, STNDF, STADF, and STADL. 
Standard errors are in brackets. 
SHNDF SHADF SHADL STNDF STADF STADL 
Genotypic correlations 
ECB -0. 326 -0. 4 36 -0. 267 -0. 3 68 -0. 364 -0. 4 38 
(0. 078) (0. 072) (0. 084) (0. 075) (0. 07 5) (0. 0-/2) 
Anthesis 0. 077 0. 139 -0. 134 0. 219 0. 14 6 -0. 02 9 
(0. 077) (0. 076) (0. 079) (0. 073) (0. 07 5) (0. 07 7) 
Plant -0. ,037 -0, ,039 -0, ,425 0, 099 0. , 115 -0, ,202 
height (0, 076) (0, , 07 7) 0. ,066 (0, ,075) 0, , 07 5 (0, ,074) 
Phenotypic correlations 
ECB -0, .283 -0 . 376 -0 .209 -0, , 3] 6 -0, , 312 -0, , 367 
(0, , 067) (0, .063) (0, .070) (0, , 066) (0, , 066) (0, , 063) 
Anthesis 0, , 074 0, . 13-1 -0, . 123 0, , 2 1 6 0, , 1 4 6 -u, , 02b 
(0, .073) \ .072) (0 .072) .0, , i)-,'i)) (0, , 012 ) (0, , 0 7 3 ) 
Plant -0 .030 -0 .032 -0 . 392 0 .095 0 .115 -0 .188 
height (0 .073) (0 .073) (0 .062) 0 . 07 2 (0 .072) (0 .071) 
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GENERAL CONCLUSIONS 
Most of the QTL (six of nine) alleles detected for 
resistance to ECB cunneling were contributed by the resistant 
(B52) parent but nhree QTL resistance alleles were contributed 
by Che susceptible parent, indicating chat it is possible to 
obtain progeny more resistant than B52. 
The low consistency of QTL detection between this study 
and Schon et al. :1993) illustrates the sensitivity of QTL 
detection methods co sampling, testing environments, 
methodology of QTL analysis, and generation of tesring. Many 
of these problems are relevant to conventional breeding 
methods, but because marker assisted selection (MAS) can be 
more expensive than phenotypic selection, MAS selection 
programs should be designed very carefully. 
Four genomic regions were associated with genetic factors 
for resistance to 2ECB tunneling across different maize 
populations. These genomic regions are the most likely 
candidates for fine mapping in future research efforts since 
they have the highest likelihood of containing genetic factors 
for resistance to ECB tunneling. 
Surprisingly, several QTL for ECB tunneling in this study 
coincided with QTL affecting resistance to leaf-feeding in 
southwestern and sugarcane corn borers in tropical maize. This 
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indicates that despite the unrelated genetic background of 
these maize populacions, similar resistance mechanisms could 
be important against: different corn borers. AH of these 
genomic regions except one were associated with ac least one 
cell wall component of che leaf-sheath. These genomic regions 
may contain genes involved in the synthesis of hemicellulose, 
cellulose, and lianin early in development in the leaf-blade 
as well as later in the leaf-sheaths. 
Cell wall components of leaf-sheaths and stalks had 
extremely high heritabilities on an entry-mean basis and 
sufficiently high heritabilities on a plot basis, suggesting 
than expensive replication over locations and years are 
unnecessary for improving these traits via selection. 
Similarly, cost-erfectiveness of breeding program.s selecting 
for higher maize digestibility could be improved by selecting 
based on only one of the fiber components (ADF or NDF) and 
lignin content in stalks and sheaths. High genetic 
correlations between NDF and ADF in the leaf sheaths and 
stalks indicate that these components provide essentially the 
same information for selection purposes. 
The frequent coincidence of QTL detected for CWC contents 
in both maize tissues confirmed the observed genetic 
correlations among those traits. These results could be an 
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artifact of the fiber determination mechod used in chis study 
or the result of biological associations between CWC. It is 
possible that genes involved in the synthesis of CWC in leaf-
sheauhs and stalks are clustered in the maize genome. It will 
be difficult to determine the true basis of these 
relationships until more information is publicly available on 
genes involved in che synthesis of cellulose, hemicellulose, 
and lignin. Clones or ESTs representing these genes could be 
mapped in the same maize popularion used in this study to 
determine if their genomic locations coincide wich QTL 
detected for CWC. 
The hypothesis that an increase of fiber and lignin 
content in the plant may increase the bulk density in the ECB 
diet, reduce available energy, reduce ECB larvae growth, and 
consequently, reduce tunneling can only explain a small 
proportion of the phenotypic variation in ECB tunneling in 
this population. Only small genetic correlations were observed 
between each fiber component and ECB tunneling. More 
importantly, only half of the phenotypic variance of ECB 
tunneling was explained by the ECB tunneling QTL model and of 
only half of the QTL detected for ECB tunneling contributed to 
negative correlations with cell wall components in the sheath-
leaf and stalks. These observations suggest that other 
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mechanisms for resistance to ECB tunneling are very important 
in this population. 
Knowledge of ~he distribution of QTL for ECB tunneling 
and for correlated uraits such as cell wall component will 
allcw selection on particular QTL combinations to improve 
forage quality and increase ECB resistance simultaneously. 
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